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Introduction 
 
During the past two decades, supercritical carbon dioxide has been investigated as a possible 
solvent for wood impregnation because of its unique physical properties [1]. Supercritical 
CO2 combines a gas like viscosity and surface tension with a liquid like density. The high 
density makes supercritical carbon dioxide act as a solvent while the low viscosity and surface 
tension allow it to penetrate wood rapidly and efficiently. Combine these properties with a 
high diffusivity and the ability to fine tune solubility through pressure and temperature control 
and you have a very attractive solvent for wood impregnation. 
Traditionally, wood impregnation has been carried out using liquid solvents for 
transport of biocides into wood [2]. The different varieties of the traditional pressure 
impregnation processes involve using pressure, vacuum, or a combination the two to force a 
liquid solution of biocides into the wood. Their continued use for well over 150 years is 
testimony to the effectiveness and usefulness of these processes. 
Nevertheless, wood impregnation using liquids have some unwanted technical and 
environmental issues. Many low permeability wood species provide a substantial resistance to 
flow of fluids which makes it difficult or impossible to impregnate these ‘refractory’ species 
with liquid solvents [3]. Consequently, the list of wood species that can be impregnated using 
liquid solutions is limited. After impregnation the wood will be wet from excess treatment 
liquid and will need additional time to dry [4]. In cases where the end use of impregnated 
products requires application of surface treatments such as paints the end consumer can be 
forced to delay the application of such until the wood has dried sufficiently. The 
environmental issues include difficulties in avoiding exposure of workers and the 
environment to treatment solutions [3]. 
The use of supercritical carbon dioxide as solvent provides a potential solution to the 
limitations of the liquid impregnation processes. Because of its low viscosity and surface 
tension, supercritical CO2 can penetrate the refractory species otherwise considered non-
treatable. Furthermore, since CO2 at atmospheric pressures is a gas1, the treated wood is dry 
and can be used immediately after impregnation. The exposure of workers to treatment 
solutions is greatly reduced, if not eliminated, since the treatment solution only exists at 
                                                 
1
 At atmospheric pressure, CO2 is a gas at temperatures above -78.5°C. Below this temperature it exists as a 
solid.  
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pressures above the critical point of CO2, i.e. in closed loop systems. Similarly, the exposure 
of the environment to run off of excess treatment fluid is eliminated because the wood is dry 
after treatment. 
The supercritical wood impregnation process is described in [5] and is illustrated in 
figure 1. The process can roughly be divided into three steps: a pressurization phase, an 
impregnation phase, and a depressurization phase.  
Although the supercritical impregnation procedure is theoretically simple, it is difficult 
to control in practical use. Because of the relatively high pressures involved, there is a risk of 
developing excessive pressure gradients in the wood which can lead to collapse or split of the 
wood which most scientist or practitioners in the area will be familiar with. Another challenge 
is ensuring the required transport of biocides through the wood substrate. The seriousness of 
these challenges became apparent when the worlds first commercial supercritical wood 
impregnation plant went out of business after only three months of operation due to an 
excessive failure rate of the impregnated products. Although the plant has since resumed 
operation, the incident illustrated the fact that supercritical wood impregnation is not a simple 
operation and highlighted the need for a better understanding of the process. 
 
Figure 1. Main steps in the supercritical wood impregnation cycle. At point ‘A’ wood is placed in a treatment 
vessel and CO2 is forced into the wood (brown arrows) by increasing the pressure beyond the critical pressure 
(Pc) of CO2. At supercritical conditions, between points ‘B’ and ‘C’, the dissolved biocides (black arrows) move 
with the CO2 to the interior of the wood. Between points ‘C’ and ‘D’ the pressure is decreased back to 
atmospheric levels. The CO2 exits the wood leaving the biocides behind. 
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Objective and outline 
The main objective of the presented PhD project was to gain a better understanding of the 
supercritical wood impregnation process. As of 2010, the process has developed from lab-
scale scientific experiments to industrial scale commercial production but the fundamental 
understanding of the process is still only developing. Initially, the available scientific 
literature within the area was reviewed (Paper I). Next, our research efforts were focused on 
three specific areas of interest, namely, 1) permeability of wood to supercritical carbon 
dioxide (Paper II), 2) movement of biocides in the wood during impregnation (Paper III 
and IV), and 3) microdistribution of biocides in the cell wall after impregnation. 
The review will, together with the introductory chapters of the present dissertation, 
provide the reader with a background to supercritical wood impregnation in general and to the 
proceeding chapters and papers in this dissertation.  
Supercritical wood impregnation is an interdisciplinary discipline which requires 
understanding of the chemical and structural composition of wood as well as the 
thermodynamic behavior of compressed gasses. Although basic introductory chapters can be 
left out of dissertations, it was in this case thought necessary to include such chapters since 
few readers will have a background spanning both areas of science. Thus, for readers with a 
non-wood background an introductory chapter is provided on wood structure and composition 
with emphasis on the chemical and structural features relevant for the wood impregnation 
process. For readers with a non-supercritical background a short introduction is given to the 
thermodynamic behavior of compressed gasses. 
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Structural and chemical composition of wood 
 
Supercritical wood impregnation is concerned with forcing a fluid (CO2) through a wood 
matrix. The structural composition of the network determines the ease at which fluids can be 
forced through it. Wood is the secondary xylem, i.e. water conducting tissue, of trees or other 
woody plants. In a living tree, the xylem is responsible for conduction of water and nutrients, 
storage of metabolites and mechanical support. Flow of CO2 through the wood has to be 
conducted via the same flow paths that were used for the transport of water, nutrients and 
metabolites in the standing tree.  
The structural composition of wood may vary. Generally, there are two basic designs of 
wood with gymnosperm wood being fundamentally different than angiosperm wood. There 
are, however, as many varieties of the basic structures as there are species. In this context, 
focus will be on the structure of gymnosperm wood exemplified with the wood of Norway 
spruce, used for experimental work in Paper II, III, and IV, as well as commercial 
impregnation. 
The complexity of the structure of wood becomes apparent when magnified a few 
hundred times (figure 2)2. What superficially appears a solid material is actually quiet porous. 
In the case of Norway spruce the porosity is about 64 % [6]. Due to the high porosity, wood 
impregnation would be relatively straight forward if all the cavities in the wood were well 
interconnected. However, this is not the case. 
Wood is made up of a matrix of dead wood cells or, rather, cell walls of dead wood 
cells. The longitudinal oriented tracheid is the most dominant cell type in gymnosperms in 
general, accounting for about 95 % of the cells of Norway spruce [7]. Each tracheid has the 
form of a hollow tube with a length-to-width ratio of about 100/1 where the cell wall 
surrounds an empty cell lumen. In Norway spruce, the tracheid length varies between 1.7-3.7 
mm and diameter (width) between 20-40 µm [7]. 
  In the living tree, the transport of water from the roots to the leaves occurs through the 
tracheid lumens. Because of the limited length of the tracheids the water must move through 
numerous tracheids as it moves upwards in the tree. Water moves from one lumen to another 
through intercellular openings in the cell walls comprised of bordered pit-pairs, which appear 
as donut shaped apertures in the cell walls (figure 3). Each pit-pair is an ingenious piece of 
                                                 
2
  To increase readability all figures in this chapter are placed at the chapter end (page 12). 
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bioengineering that serves to ensure pit aspiration in the event that air embolisms spread and 
disrupt the liquid flow path from the root to the leaves [8,9].  
For this purpose each pit-pair is equipped with a valve system consisting of an 
impermeable disc, the torus, suspended in a permeable net, the margo (figure 4). In the 
sapwood of the living tree the margo and torus is positioned in the middle of the pit cavity 
allowing flow of water from on cell to the next through the permeable margo (figure 5). While 
allowing passage of water, the margo will trap an air-water meniscus by capillary action 
preventing the spread of embolisms to the adjacent cell [10]. The pressure difference between 
air filled tracheid and the adjacent water filled tracheid, where water is under tension, will 
force the pit membrane (torus and margo) across pit chamber until the torus blocks the 
aperture (figure 6 and 7) of the pit border of the water filled tracheid [8,11]. Thus, breakage of 
the water column in the adjacent cell is prevented (figure 8). 
Softwoods pay the price of decreased conductivity for having the security against 
embolisms provided by the bordered pits [11]. In a living tree, as much as 50 % of the total 
resistance to flow may be accounted for by the pits [12]. However, wood preservers pay an 
even higher price for the torus-margo system. When pits are aspirated, it is impractical, if not 
impossible, to force liquids through the wood using conventional pressure treatment 
techniques. What’s worse, pit aspiration is not a rare phenomenon in the living tree. In 
addition to being caused by embolisms, it can be brought about by fungal attack and will, in 
many species, occur as a natural process in the transition zone between sapwood and 
heartwood [13]. This leaves the heartwood of many species close to untreatable by 
conventional pressure impregnation methods. However, since the heartwood of many wood 
species often has a high degree of natural durability due to the deposition of extractives with 
biocidal properties [13], the refractory nature of heartwood is in many cases not a problem. 
It is of greater concern to the wood preserver, that pit aspiration may be inflicted as a 
result of the lumber drying process. Some wood species are more prone to pit aspiration than 
others. In some species like Norway spruce, pit aspiration will occur throughout the wood 
during the drying process. The effectiveness of the aspirated bordered pits in preventing liquid 
flow was demonstrated by Peek and Goetsch [14] who recorded the time it would take for 
samples of pine and spruce (presumably Scots pine an Norway spruce) to equilibrate pressure 
in the radial direction when pressurized with either air or water. After pressurizing dry 
Norway spruce (moisture content 15% w/w) with water to 5 bar for 8 hours they were unable 
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to detect any pressure increase at a distance of 10 mm from the radial surface. The pine 
samples reached pressure equilibration (5 bar) after about 1 hour. The use of higher pressures 
to increase penetration of liquids does not solve the problem, because the wood will often 
collapse at pressure differences of about 16 bar in softwoods [15]. 
Apart from the lateral flow path through the longitudinal tracheids, flow can also occur 
through the rays running in the radial direction through the wood connecting the phloem with 
the xylem. The rays in Norway spruce make up about 5 percent of the wood and consist of 
tracheids as well as parenchyma cells [7]. In the living tree, the rays function as lateral flow 
paths through which metabolites, water, and nutrients can be moved from the phloem to the 
xylem. Every longitudinal tracheid is connected to at least one ray cell via semi-bordered pits, 
i.e. only the longitudinal tracheid side of the pit is bordered [7]. The openings of these pits are 
about 1-2 µm in diameter and do not have the torus/margo system of the bordered pit-pairs 
between longitudinal tracheids. They are therefore always open (figure 9). Finally, flow can 
occur through resin canals which occur at regular intervals throughout the wood (figure 10), 
often plugged by resin (figure 11). The ability of supercritcal carbon dioxide to solubilize 
resin [16], means that the resin canals might be explain the slightly increased permeability of 
supercritical extracted wood we found in paper II. 
 
Chemical composition 
 
In Paper III we examined the interactions of selected organic fungicides with wood under 
supercritical conditions. Wood is a chemically diverse material primarily consisting of three 
biopolymers, cellulose, hemicellulose, and lignin. The biosynthetic pathway, structure, and 
interactions of these polymers are still not fully clarified [17]. For a detailed discussion of 
these issues the reader is referred to textbooks on wood chemistry e.g. [7,18] and reviews on 
plant biopolymers e.g. [19-21]. Here it will suffice to briefly discuss the role and abundance 
of these polymers in Norway spruce. By far the larger part of the mass of (dry) gymnosperm 
wood is accounted for by the cell walls of the longitudinal tracheids. Tracheids are highly 
specialized to fulfill the dual function of being conducting as well as weight supporting tissue 
of the standing tree. Lignocellulose accounts for more than 98 % of the dry mass of Norway 
spruce. Of these polymers, cellulose is the most abundant making up about 42 % [18].  
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Cellulose is a non-branched polysaccharide made from polymerization of glucose molecules 
with a high degree of polymerization [7]. The cellulose molecules are joined by hydrogen 
bonds to form para-crystalline molecules which themselves are bundled together to form 
micro-fibrils which crisscross the cell wall [19]. In the primary cell wall and in the s1 and s3 
layers of the secondary wall the micro-fibrils are oriented in all directions. In the thicker s2 
layer of the secondary wall the micro-fibrils run close to parallel with the longitudinal 
direction [3]. The primarily axial orientation of the micro-fibrils account for the anisotropic 
behavior of wood with regard to moisture induced shrinking and swelling [22]. 
Hemicellulose, the other important polysaccharide in wood, consists of several different 
sugars. In Norway spruce, the main hemicellulose sugars are mannose, xylose, glucose, 
galactose, and arabinose, and hemicellulose accounts for about 25 % of the wood dry mass 
[23]. Hemicellulose is a branched molecule with a low degree of polymerization of about 200. 
In the cell wall hemicellulose functions as an adhesive bonding together the wood 
biopolymers and supporting the cellulose framework, but the exact mechanisms of interaction 
are still being debated [17,24]. Together with cellulose, the highly hydrophilic hemicellulose 
is responsible for the hygroscopic behavior of wood. The polysaccharide micro-fibrils have a 
high tensile strength but are weak in compression. To provide the cell wall with the rigidity 
needed to support growth on land, terrestrial plants incorporate lignin into the cell wall [25]. 
Lignin is a randomized network of polyphenolic compounds produced from the coupling of 
the lignin precursors, coniferyl-, sinapyl, and p-coumaryl-alcohol [26]. The resulting polymer 
is a complex, randomized phenolic structure with numerous types of linkages and functional 
groups [21]. Lignin makes up about 27 percent of Norway spruce [18]. Mechanically it has a 
high hardness, making the combined lignin/cellulose/hemicellulose composite both rigid and 
strong. Lignin also imparts hydrophobicity to the otherwise hydrophilic cell wall components 
and is therefore important for hydrolic properties of the xylem [27]. Summarizing, the 
chemical composition of wood is complex and variable even without accounting for 
extractives which may be present in smaller amounts. It has both hydrophilic and hydrophobic 
properties and will interact with most liquids and gases.  
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Figure 2 SEM image of the radial and axial (top) 
surfaces of wood from Norway spruce. The bordered 
pits connecting the longitudinal tracheids are evident 
as donut shaped apertures in the longitudinal tracheid 
walls. 
Figure 3. SEM image showing the bordered pits in the 
radial cell walls of longitudinal tracheids in Norway 
spruce. 
 
 
 
 
Figure 4. SEM image of a non-aspirated bordered pit 
in Tsuga canadensis. The torus is suspended in the 
middle of the pit by the margo. Image from 
Zimmermann (1987) [11].  
Figure 5. Schematic presentation of the flow paths in a 
softwood bordered pit (left). On the right, flow is 
obstructed by the aspirated torus. Image from 
Zimmermann (1987) [11]. 
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Figure 6. SEM image of an aspired bordered pit in 
Norway spruce seen from the radial surface. The 
aperture of the pit border is visible through the torus. 
The network of the margo is also evident. 
Figure 7. SEM image of the axial surface of a single 
longitudinal tracheid in Norway spruce showing an 
aspirated bordered pit. 
 
 
 
 
Figure 8. Schematic presentation of the effect of pit 
aspiration on the flow of sap in the xylem. The 
tracheid marked ‘x’ is aspirated and the air is 
prevented from entering the neighboring cells. Image 
from Zimmermann (1987) [11]. 
Figure 9. SEM image of the piceoid pores in the cross 
fields of Norway spruce.  
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Figure 10. SEM image of the axial surface in Norway 
spruce containing a resin canal. 
Figure 11. Close up of the resin canal in figure 10, 
showing the blockage of the pit by resin. 
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Supercritical carbon dioxide 
 
 
In 1822, a French Baron by the name of Cagniard de la Tour made the first scientific 
description of what would later be known as a supercritical fluid [28]. He filled gun barrels 
partly with liquids such as water, ethanol, and a few others. He then added a marble to the gun 
barrels and forged the ends of the barrels tight. The Baron then heated the gun barrels to see 
what effect the application of heat and pressure would have on the liquids inside. He took the 
highly pressurized barrels to his ear (!), and listened to the sound of the marble rolling back 
and forth inside. To his surprise, with sufficient heating of the gun barrels, the sound of the 
marble would indicate that the liquid had somehow disappeared. What Cagniard de la Tour 
observed was not the disappearance of the liquid however, but its conversion to a supercritical 
fluid. 
Figure 12 shows a temperature-pressure (TP) phase diagram of carbon dioxide. The 
phase boundary separating the liquid phase from the gas phase, is a plot of the vapor pressure 
of the liquid as a function of temperature. At the phase boundary, the two phases are in 
thermodynamic equilibrium, i.e. Gibbs free energy of the liquid phase equals Gibbs free 
energy of the gas phase. However, the molar volume of the two phases may be very different, 
especially at lower temperatures. With increasing temperature at the phase boundary, the 
molar volume of the two phases approaches each other because of the pressure induced 
compression of the gas and the thermal expansion of liquid. At the critical point, the molar 
volume of the two phases, as well as other physical properties, becomes identical and the two 
phases merge into a single phase termed a supercritical fluid.  
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Above the critical temperature (Tc) it 
becomes impossible to produce the liquid 
phase from compression of the gas phase. 
With isothermal compression of the gas at 
temperatures above Tc the molar volume of 
the gas decreases continuously but never 
condenses to a liquid. Even in the 
supercritical fluid the intermolecular 
attractive forces are not strong enough to 
prevent the molecules from drifting apart. 
In other words, the supercritical fluid will 
expand to fill out whichever system that 
contains it and such a substance is, per 
definition, a gas. However, because of the 
high level of compression, the properties of supercritical fluids are different from those of 
gases existing at atmospheric pressures.  
Because of the high density, supercritical carbon dioxide may function as a, primarily, 
non-polar solvent. The solubility of non-polar compounds in supercritical CO2 will largely be 
dependent on the chemical properties of the compounds and the physical conditions of the 
CO2. Figure 13 shows how the solubility of naphtalene in CO2 at 45 °C varies with pressure. 
At low pressures, below about 60 bar, the solubility of naphtalene in carbon dioxide is 
negligible. At higher compression the solubility increases. The slope of the solubility curve 
has its maximum at around 100 bar and here the solubility of naphtalene can be increased or 
decreased significantly with relatively small changes in pressure.  
 
Solid
Liquid
Gas
Supercritical
Fluid
TP
CP
 ( )T C°
50
100
150
-50 0 50 100-100
 
Figure 12. Phase diagram of carbon dioxide showing 
the conditions at which the different phases are thermo-
dynamically stable. TP: triple point at -55.6 °C, 5.2 bar. 
CP: critical point at 31.1 °C, 72.8 bar. 
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Figure 13. The dependence of solubility of 
naphthalene in carbon dioxide at 45°C on pressure. 
Data collected by Val Krukonis3.  
 
Figure 14. The dependence of the density of carbon 
dioxide on pressure for various isotherms. Pr: 
reduced pressure (P/Pc), ρr: reduced density (ρ/ρc), 
Tr: reduced temperature (T/Tc). The critical density 
of CO2 is 0.467 g/ml. 
 
 
Using supercritical solvents therefore gives the benefit of controlling solubility to an extent 
that is not possible using liquid solvents. This is illustrated further in figure 14 above. The 
figure shows how relatively small changes in temperature and pressure can result in large 
changes in carbon dioxide density, especially for conditions near the critical point. Notice, in 
figure 14, how the shape of the isotherm for Tr = 1.4 (≈43.5 °C) is roughly the shape of the 
solubility isotherm (45 °C) for naphtalene in figure 13. Since solvent power of CO2 is closely 
related to its density, solvent power can be manipulated by temperature and pressure control.  
Despite its high density, supercritical carbon dioxide has low viscosity and very low 
surface tension. These properties are especially useful when impregnating wood and explain 
why supercritical fluids can penetrate wood matrices more effectively than liquid solvents.  
                                                 
3
 Val Krukonis, 360 Merrimack Street, Lawrence, MA 01843 
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Developments in supercritical wood impregnation 
 
 
In Paper I, the scientific developments within the field of supercritical wood impregnation 
were reviewed.  
Research efforts have primarily been focused on answering the questions 1) what effect 
does supercritical treatment have on physical and mechanical properties of wood? 2) can 
supercritical treatment deliver a sufficient amount of biocide to the wood? 3) does 
supercritical impregnation slow down biodegradation rates? In addition, there have been some 
efforts concentrated at modeling the supercritical wood impregnation process.  
All published research on supercritical wood impregnation has been carried out using 
carbon dioxide. A number of studies have examined the effect of supercritical carbon dioxide 
on the mechanical wood properties – mainly MOR (modulus of rupture) and MOE (modulus 
of elasticity) [29-33]. Some of these studies report of significant changes in physical 
properties, while others did not observe any significant changes as a result of treatment. The 
same was true for studies on wood composites [33-35]. Pressurization and depressurization 
rates are not consistently stated in these studies and it is likely that some of the reported 
adverse effects on physical properties were caused by development of excessive pressure 
differences in the samples. The fact that the physical properties of many samples were 
unaffected, even after exposure to treatment pressures above 300 bar as reported in [32] seems 
to suggest that supercritical carbon dioxide in itself does not significantly affect the physical 
properties of wood. Similarly, the strength of the internal bonds between wood and adhesives 
in wood composites seem to be unaffected by exposure to supercritical carbon dioxide [36]. 
However, the jury is still out on this issue and will remain so until someone makes a study 
where samples are pressurized and depressurized at low rates so the potential influence of the 
differential pressure factor can be dismissed. 
Because the exposure to supercritical carbon dioxide does not seem to be a source of 
damage to the wood on its own, impregnation of any wood species should be possible. The 
key to avoiding damages in the wood structure lies in controlling pressurization and 
depressurization rates so that excessive pressure differentials in the wood do not develop. The 
density of carbon dioxide increase by a factor of more than 450 from 1 to 150 bar at 40 °C 
indicating the significant mass flow through the wood during supercritical impregnation. 
Permeability is a measure of the resistance of an object to fluid flow. It is therefore a key 
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parameter in determining how fast a piece of wood can be pressurized and depressurized 
without being damaged [37]. Several studies have investigated the effect of different 
pressurization rates on the development of pressure differentials inside treated samples 
[15,38-42]. Most of these studies concluded that pressurization rates and depressurization 
rates were correlated with internal pressure response and, thus, the permeability of the 
samples. Oddly, the only study that actually measured the permeability of the samples was 
unable to find a correlation between internal pressure response and permeability of softwood 
samples [40]. A few studies have examined the influence of exposure to supercritical carbon 
dioxide on the permeability of samples [40,43]. These are discussed further in the next 
chapter and in Paper II.  
Biocide deposition and distribution are important criteria for any wood impregnation 
process. Several investigators have measured deposition and distribution after supercritical 
impregnation. Experiments have been carried out on both solid wood and on wood 
composites and with a range of organic biocides and have shown supercritical carbon dioxide 
being able to impregnate a wide range of wood species and wood composites with organic 
biocides [32,44-50]. The studies have showed that supercritical carbon dioxide can 
impregnate wood with a sufficient amount of biocides. However, many studies report of more 
or less pronounced concentration gradients in impregnated samples. Concentration gradients 
are unwanted since they mean that if the core of a sample is to meet a concentration target, the 
outer part of the sample will be over-treated resulting in a waste of biocide.  
The reasons for the observed gradients are seldom discussed in detail but some attempts 
have been done at clarifying the influence of operating conditions on biocide distributions 
[47-50]. Although distributions seem to be influenced by operating conditions it is difficult to 
draw any definitive conclusions about the influence based on the available literature. Kang et 
al. [50], for example, investigated the distribution of cyproconazole in ponderosa pine 
impregnated at the four combinations of temperature and pressure (T = 40 or 60 °C; P = 103 
or 206 bar). At 60 °C, the deposition in samples treated at 206 bar (370 g/m3) was higher than 
the deposition at 103 bar (153 g/m3) perhaps reflecting the density increase of CO2 at higher 
pressure. However, at 40 °C the deposition at 206 bar (378 g/m3) was substantially lower than 
the deposition at 103 bar (510 g/m3) making it difficult to reach a conclusion about the 
influence of any of the three parameters, temperature, pressure, and density.  
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Lucas et al. [51] indicated that wood-biocide interactions under supercritical conditions 
might be substantial. Wood-biocide interactions might therefore be an important factor in 
determining deposition and distribution of biocides in supercritical impregnation.  
In paper III and Paper IV we examined the interactions between wood and biocides in 
an atmosphere of supercritical carbon dioxide and hypothesized that the reason for the 
observed concentration gradients in impregnated wood could be due to the wood filtering the 
biocides from the CO2 as the fluid mixture moves through the wood matrix. We also showed 
that the prevailing physical conditions had a large influence on the magnitude of the 
wood/biocide interactions. It should therefore be possible to influence the concentration 
gradients by controlling the impregnation conditions. 
The ultimate goal of the supercritical impregnation process is to make the impregnated 
wood products less susceptible to biological degradation such as breakdown by fungi and/or 
insects. Several studies have investigating the biological performance of impregnated wood 
products. Most of these have been laboratory decay tests [52-57], but a few results from field 
tests have also been reported [58,59]. These studies conclude that if a sufficient amount of 
biocide is delivered to the wood biodegradation rates will decrease compared to non-treated 
controls. In other words, biocides deposited by the supercritical impregnation process retain 
their toxicity and supercritical impregnated wood can therefore slow down biodegradation. 
Finally, a report comparing the performance of commercially available supercritical 
impregnated wood with pressure (liquid) impregnated samples as well as non-treated controls 
under tropical (Malaysia) and temperate (Denmark) conditions is available [60]. In this report, 
biodegradation was of the supercritical impregnated samples was slowed down significantly 
compared to non-treated controls. The performance of the supercritical impregnated samples 
was comparable with samples impregnated by conventional methods. 
Summing up past research, it can be concluded that supercritical impregnation can be 
performed without significantly altering the physical appearance and properties of the 
impregnated wood. However, one must be aware of the limitations given by the wood itself 
and must design an impregnation schedule that takes into account the properties of the 
material being impregnated. Even though supercritical CO2 penetrates wood much more 
easily than liquids, care must still be taken to allow the wood to equilibrate pressure during 
the pressurization and depressurization phase. Due to a lack of progress on the modeling front 
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of supercritical wood impregnation research, designing an optimal treatment schedule is for 
the most part currently down to trial and error.  
Supercritical wood impregnation has been shown capable of depositing a sufficient 
amount of biocides inside wood samples and the supercritical impregnated wood have been 
shown capable of slowing biodegradation rates. However, the movement of biocide through 
the wood matrix during impregnation seem to be strongly related to the design of the 
impregnation schedule and therefore to the prevailing physical conditions during 
impregnation. Thus, in designing an impregnation cycle for supercritical wood impregnation, 
one has to consider not only how fast the CO2 can be transported in and out of the wood, but 
just as importantly how fast the biocides will be transported to the core of the wood. 
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Permeability of wood to supercritical carbon dioxide 
 
 
Permeability is a measure of the ability of a porous object to conduct fluids. The higher the 
permeability, the larger the flow the sample conducts at a given differential pressure. In 
supercritical wood impregnation, the bulk flow of CO2 in and out of the wood is achieved by 
creating a pressure difference between the exterior and the interior of the wood, i.e. by 
pressurizing and depressurizing the impregnation vessel. If the pressure differences build up 
to level that exceeds the internal strength properties of the wood, it will fail. The phenomenon 
is known from traditional pressure impregnation techniques using liquids and from 
impregnation using supercritical carbon dioxide. Excessive pressure differences during 
pressurization will likely result in collapse, while excessive pressure differences during 
depressurization will lead to split. The critical pressure difference at which damages occur 
will depend on the species being impregnated. For liquid pressure impregnation of softwoods  
it is often used as a general rule that the impregnation pressure should not exceed 14-16 bar 
[61]. Wood species with high permeability should be able to withstand higher pressurization 
and depressurization rates than low permeability species because they will equilibrate 
pressure differences more rapidly. Designing an optimal treatment schedule for a given 
species will thus depend on the permeability of that species. It is therefore of interest to 
examine wood permeability. 
Permeability calculations for wood are frequently based on Darcy’s Law for flow of 
fluids through porous media which states that [62]: 
FluxConductivity = 
Gradient
             (1) 
For wood measurements conductivity is termed permeability and can write a general equation 
for permeability4: 
1
/
/
V VQ A Q Lk
P L PA
µ µ
= =
∆ ∆
             (2) 
Darcy’s Law is based on several assumptions including 1) the flow is viscous and linear, 2) 
the porous media is homogeneous, 3) the fluid is incompressible, and 4) there is no interaction 
between the fluid and the porous media. 
                                                 
4
 Symbol explanations are given in the list of symbols, page 47. 
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All of these assumptions are violated to a certain extend in the case of flow through 
wood. Although longitudinal flow is predominant, flow can occur in three directions. The 
flow path is continuously obstructed by pits and the flow is forced to change direction to get 
from one tracheid to another which may cause non-linear flow, violating the first assumption. 
Considering the second assumption, wood is structurally complex and non-homogeneous. The 
third assumption is violated when permeability is measured by gases and supercritical fluids 
but not when the measuring fluid is a liquid. As for the fourth assumption, because of the 
complex chemical structure of wood most liquids and many gases will interact with wood. 
Nevertheless, in the lack of a perfect model Darcy’s Law has been the preferred option for 
wood permeability calculations. 
Because of the importance of wood permeability, not only supercritical impregnation 
but also conventional liquid pressure impregnation, data on wood permeability can be found 
in the literature for several species and measured with both liquids and gasses e.g. [63-65]. 
Permeability values are generally higher when measured by gases than when measured by 
liquids. For modeling of the supercritical wood impregnation process, correct permeability 
values are important input parameters that determine the maximum rate of mass transfer 
through the wood during pressurization and depressurization. 
Traditionally, wood characterization for the supercritical wood impregnation process, 
has been carried out using permeability measurements carried out with gasses at low pressures 
as no permeability data exist for supercritical fluids. However, these values may not reflect 
the true permeability towards supercritical fluids which have densities closer to liquids. 
Therefore, in Paper II, the permeability of Norway spruce to supercritical carbon dioxide was 
measured. 
For the calculation of the permeability, an equation suitable for supercritical fluids was 
developed, since equations could only be found in the literature for liquids and gasses. Since 
Darcy’s Law assumes that the measuring fluid is incompressible, compensation is required for 
compressible fluids such as gasses and supercritical fluids.  
To allow permeability to be calculated for compressible fluids such as gasses, equation 
(2) is written in differential form: 
2
 d
d / d  d
V VQ Q xk
A P x A P
µ µ
= − = −            (3) 
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Historically, gas permeability has been calculated in the wood science literature by the 
following equation: 
V IN
g
Q L Pk
A PP
µ
=
∆
             (4) 
The derivation of the equation is given below.  
QV is substituted with V/t in equation (3): 
 d
        
 dV g
V V xQ k
t tA P
µ
= ⇒ = −           (5) 
It is assumed that the gas can be described by the ideal gas law: 
PV nRT=               (6) 
Substituting V with nRT/P in equation (5) yields: 
 d  d
                 d
 dg g
nRT nRT x nRT xV k k P P
P tAP P tA
µ µ
= ⇒ = − ⇔ = −     (7) 
Integration and evaluation of integrals yields: 
0
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Since the (PIN + POUT)/2 equals P and PIN – POUT equals ∆P we arrive at equation (4): 
( . (4))
( )
    ;    ( )     ;                                                        
2
                                                          
IN OUT
IN OUT
IN V IN
g g eq
P P P P P P nRT PV
VL P Q L Pk k
tA PP A PP
µ µ
=
+
= − = ∆ =
⇓
= ⇔ =
∆ ∆
(11)                 
 
Equation 4 (= eq. 11) has been used extensively in the literature when calculating gas 
permeability of wood e.g. [66-71].  Experiments are usually done by applying a pressure 
differential over small wood dowels at pressures very close to atmospheric levels and 
recording the resulting volumetric gas flow through the dowel. The pressure differential is 
usually created by drawing a vacuum on one the outlet of the dowel or by creating a slightly 
increased pressure at the inlet. Equation 4 might be adequate to calculate permeability at 
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atmospheric levels. However, when calculating permeability at higher pressures, as is needed 
when calculating permeability for supercritical fluids, equation 4 might not give a correct 
estimate of the permeability since the supercritical fluid will not show ideal gas behavior. 
To allow for the calculation of permeability of non-ideal gases we look at mass flow 
instead of volumetric flow. The general expression for permeability measured with 
compressible fluids (eq. 3) still applies: 
3
 d
d / d  d
V VQ Q xk
A P x A P
µ µ
= − = −            (12) 
QV/A is the velocity, v, of the flow through the object: 
3
3
 d
 d
         
d  d
VQ k Pv xv k v
A P x
µ
µ
= ⇒ = − = −         (13) 
Dividing v with the specific volume, Vm, yields the flux of matter, J, through the object: 
3  d
 d
m m
k PvJ
V V xµ
= = −             (14) 
Multiplication with A yields the mass flow per time unit, QM: 
3
3
(15) d                                                                                                             
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(16)                                                           
 
If conditions are constant, QM has the same value at any point in the object and can be 
calculated from the volume of the gas at either inlet or outlet pressure from an equation of 
state. It is assumed that Vm is a known function of T and P. Integration of eq. (16) yields: 
3
dOUT
IN
P
M
P
m
Q LPk
V A
µ
= −∫             (17) 
Since POUT < PIN, the integral on the left hand of equation 17 is negative and we term it –IP. 
The integral can be approximated by numerical integration. Finally, we arrive at: 
3
M
P
Q Lk
I A
µ
=              (18) 
Equation 18 was used for the calculations of permeability values in Paper II. A custom made 
apparatus was assembled for the collection of data (Figure 15). 
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 Figure 15. Schematic presentation of the experimental set-up for measuring permeability at high pressure.  
 
A wood dowel, glued into a metal tube with epoxy, was mounted on the apparatus in such a 
way that a pressure differential could be established over the dowel. With the pressure 
differential established, the resulting volumetric flow through the dowel was measured with 
either a liquid displacement flow meter or a bubble flow meter. From the collected data (flow 
rate, inlet pressure, differential pressure, temperature, fluid viscosity) the permeability was 
calculated using eq. (18). 
For every dowel, three measurements were carried out in succession. First, the 
permeability was measured at atmospheric levels by applying an inlet pressure of 6 bar and 
leaving the outlet open to the atmosphere. A second measurement was then taken at 
supercritical conditions (P ~ 155 bar, T ~ 45 °C). Finally, after depressurizing the dowel, a 
third measurement was taken at atmospheric levels to investigate the effect of the exposure to 
supercritical conditions on the permeability of the wood. Pressurization and depressurization 
was done at a constant rate of 5 bar per minute to avoid building up excessive pressure 
differences which could potentially damage the dowel. 
 
Effect of supercritical CO2 on the post-treatment permeability of Norway spruce 
 
Comparing the permeability from the atmospheric measurements, before and after exposure to 
supercritical conditions, we found a slight but statistically significant increase in permeability 
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after treatment (Paper II). The average increase was found to be 12 % with individual 
changes ranging from -14 % to + 62 % (Figure 16).  
 
In a similar study, Sahle-Demessie et al. [43] 
compared the permeability of Douglas fir dowels 
before and after exposure to supercritical carbon 
dioxide. They found the average permeability to 
increase 133 %. Similar to the findings in Paper II, 
they observed a large variation in the results with one 
fifth of the samples recording a decreased 
permeability after treatment. Douglas fir contains a 
relatively high amount of extractives and the authors 
argued that solubilization and removal of extractives 
clogging pit membranes might be the reason for the 
enhanced permeability of treated samples. Likewise 
they suggested that redeposition of solubilized extractives on the pit membranes during 
depressurization might account for the decreased permeability in some samples. 
 As part of a study examining effects of wood characteristics on pressure response in 
wood during impregnation, Schneider et al. [40] examined permeability changes in 12 
different species after exposure to supercritical carbon dioxide. Their study measured 
permeability in the radial direction and found a large variation between species. Six of the 
examined species had permeability increased as a result of treatment while permeability of the 
remaining six species was decreased. They did not propose potential explanations for the 
large variation. 
The slightly increased permeability after treatment found in our study could possibly be 
caused by removal of extractives in the wood by the supercritical carbon dioxide as suggested 
by the authors above. If extractives clogging the pit membrane are solubilized it might cause 
deaspiration of the pits. However, Norway spruce contains only low amounts of extractives 
and no significant weight change of the dowels was observed in our study as a result of 
exposure to supercritical CO2. The low amount of extractives in Norway spruce is primarily 
located as resin in the resin canals. It is possible that supercritical carbon dioxide could extract 
the resin from the resin canals. Unplugging the resin canals might have a significant impact 
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Figure 16. Permeability change in percent 
 as a result of exposure to supercritical CO2. 
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on the permeability of the wood, because of the canals unique anatomy. The longitudinal 
tracheids through which the flow must otherwise occur, are as explained earlier, geometrically 
narrow tubes which are limited in length. Flow through the tracheids is continuously facing 
obstructions in the form of dead ends at the end of the tracheids and aspired bordered pits in 
the cell walls. In contrast, the longitudinal resin canals have a diameter ten times or more that 
of the largest tracheids and run unobstructed for considerable distances through the wood. If 
these canals, albeit few in numbers, are unplugged by supercritical treatment it could 
potentially upon up large unobstructed flow paths that might account for the increased 
permeability as a result of exposure to supercritical carbon dioxide.  
 
Permeability of Norway spruce measured by supercritical carbon dioxide 
 
Compared to the measurements with gaseous CO2 at near atmospheric levels, the permeability 
of Norway spruce increased when measured with supercritical CO2. The measurements done 
at around 155 bar and 45 °C increased 250 % on average compared to the low pressure 
measurements. Except for one outlier, individual changes ranged between 20-500 % (figure 
17). 
The substantial increase in permeability is temporary 
because, as was illustrated above, the permeability after 
treatment drops again to levels comparable to the 
permeability before treatment. Thus, the increase does 
not seem to be the result of damages like cracks and 
splits that might have developed during treatment. Had 
splits in the wood been the reason for the increased 
permeability above the critical pressure an increased 
permeability would have been expected after treatment 
as well. 
Differences in permeability values also exist 
between liquid and gas measurements. Permeability 
values measured with a gas are often higher than when 
measured with a liquid. This difference has been explained by the influence of Knudsen flow, 
or slip-flow, which would be proportionally higher in gas flow than in liquid flow. Slip flow 
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Figure 17. Percent change in perme-
ability from measurements at close to 
atmospheric pressures to measurements 
with supercritical CO2 at 150 bar. 
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occurs at Knudsen numbers5 of 1 or above, i.e. when the mean free path of the molecules are 
in the same range or larger than diameter of the tube in which they are flowing [72]. In this 
case, the flow is primarily restricted by molecular collisions with the tube wall and not by 
intermolecular collisions. This creates an additional slip-flow factor because the fluid velocity 
at the capillary walls is different from zero as is assumed in viscous flow. Even though the 
diameters of the tracheids are substantially larger than the mean free path of air molecules6, 
the dimensions of the pits approach these values. In addition, many gas permeability 
measurements have been carried out by drawing a vacuum on the outlet side, increasing the 
mean free path and thus the Knudsen number further. 
However, considering the difference in permeability from the gas measurements to the 
supercritical measurements, the liquid like density of the supercritical fluid would lead to a 
much lower mean free path compared to the gas. Thus, contrary to the observation, the 
permeability measured with supercritical fluids should be lower, not higher, than the 
permeability measured by gases. 
A possible explanation for the increased permeability at supercritical pressures could be 
that the carbon dioxide in its supercritical state is able to permeate the numerous aspirated tori 
in the bordered pits separating the longitudinal tracheids. For reasons explained earlier the tori 
has developed with evolution to be impermeable to liquids and gases at atmospheric levels. 
However, it is likely that the torus at supercritical conditions could behave as a permeable 
membrane which would allow some degree of flow of supercritical carbon dioxide. Each 
tracheid has numerous bordered pits and if these become permeable, despite their aspired 
state, it could cause a substantial increase in permeability. This hypothesis might also explain 
the large spread in permeability changes between samples which ranged from 20-500 %. The 
samples showing the higher changes might be samples with a higher number of aspirated tori 
per volume of wood. However, no studies could be found discussing the variation and number 
of pits per volume of wood in Norway spruce. 
The implications of the higher permeability at supercritical pressures is that, for 
supercritical wood impregnation, it is not sufficient to measure permeability at atmospheric 
levels if one wants to have a correct measure of the permeability in the entire pressure range. 
A precise estimate of the permeability is important when modeling the mass transfer of CO2 
in and out of the wood during impregnation. The modeled pressurization and depressurization 
                                                 
5
 Knudsen number (Kn) = mean free path (m)/capillary diameter (m) 
6
 The mean free path of N2 molecules at atmospheric pressure is around 60 nm.  
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rates will depend on the permeability values. With the indication that permeability is higher at 
higher pressures, it is likely that pressurization and depressurization rates will be 
underestimated at higher pressures. However, additional measurements are needed to support 
the modeling effort. The findings presented here, naturally leads to the follow up questions: If 
permeability is higher at 150 bar what is it then at intermediate pressures? Is the increase 
linear with pressure or does it rise suddenly e.g. after passing the critical pressure? Answering 
these questions would be relevant goals for future research. 
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Wood–biocide interactions in supercritical carbon dioxide 
 
Wood biocide interactions are important because they may determine the transport of biocides 
through the wood structure during impregnation. The purpose of supercritical wood 
impregnation is to deposit chemicals in the wood matrix. The speed of which this can be done 
is important for the overall economy of the process. It therefore becomes important to know 
the speed at which, not only CO2 moves through the wood structure, but just as importantly 
how fast a given biocide dissolved in the CO2 penetrates the wood. In Paper III, it was 
illustrated that the velocity by which the biocides enter the wood might very well be different 
from the velocity of the CO2. 
Several investigators have described concentration gradients in wood samples after 
supercritical treatment [32,44-49]. The concentration gradients arise even though in-situ 
pressure measurements from the interior of wood samples during impregnation can confirm 
the complete penetration of treatment solution in wood samples [15,38-42]. The wood seems 
to be filtering the biocides from the CO2 as the supercritical mixture flows through the wood. 
The experiment in Paper III was set up in an attempt to show whether such a 
chromatographic effect was indeed taking place and, if so, whether its magnitude could be 
quantified. 
A column packed with sawdust from Norway spruce was mounted on a supercritical 
chromatograph (figure 18). A flow of supercritical CO2 was established through the length of 
the column. Three different organic biocides, tebuconazole, propiconazole, and, IPBC (figure 
19) were injected separately to the pre-column stream of CO2 at various supercritical 
conditions: 80, 100, and 150 bar at 40 °C as well as 80, 110, and 150 bar at 50 °C. The time 
for the fungicides to pass the wood packed column was determined using a UV-detector 
mounted downstream from the column.  
 
Figure 18. Schematic presentation of the experimental set up used to examine wood-biocide interactions. 
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 The results confirmed the chromatographic 
effect of wood. The movement of biocides 
through the column was significantly 
slower than the movement of carbon 
dioxide. The retention times were 
significantly different for the three 
biocides at any one pressure/temperature 
combination. As the physical conditions 
were changed, the retention times of the 
fungicides changed accordingly. 
The retention times are measures of 
the degree of interaction between the biocides and the wood. The higher the degree of 
interaction, the longer the retention times. However, the retention times are not immediately 
comparable between each set of physical conditions because of the differences CO2 density 
and, thus, flow rate at the different conditions. Therefore, partition ratios were calculated to 
enable comparison of the degree of interaction between biocides and wood across the selected 
physical conditions. If a piece of wood is added to a vessel containing a biocide dissolved in 
CO2, some of the biocide will adsorb to the wood in a reversible process. Depending on the 
affinity of biocide to the wood and on its solubility in CO2 at the prevailing conditions, an 
equilibrium will be established between the concentration of biocide in the wood and in the 
CO2. The partition ratio is a measure of this equilibrium, i.e. the relation between the 
concentration of biocide in the wood and the CO2. A large partition ration indicates a strong 
affinity of the biocides to the wood. The partition ratios (KD) were calculated from: 
S
M
D V
Vk
K
'*
=             (19) 
where VM is the volume of the mobile phase and VS is the volume of the stationary phase. k´ is 
the retention factor given by: 
M
MRi
t
ttk −='             (20) 
where, tRi is the retention time of biocide i and tM is the hold-up time, i.e. the retention time of 
CO2 through the column. 
 
Figure 19. Chemical structure of the investigated 
biocides. 
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The calculated partition ratios were shown to increase isobarically as temperature was 
increased from 40 °C to 50 °C and isothermally as pressure was decreased from 150 bar to 80 
bar. Thus, the partition ratios were shown to decrease with increasing density of CO2 (figure 
20). 
 
The results show that when the 
CO2/biocide mixture penetrates 
the wood during impregnation the 
CO2 will move faster than the 
biocides because of the 
chromatographic effect of the 
wood. If the direction of flow is 
changed too early (de-
pressurization), a concentration 
gradient is likely to result 
because of incomplete 
penetration of biocides. Complete 
penetration of treatment fluid, which can be confirmed by in-situ pressure differential 
measurements, is therefore not necessarily equivalent to complete penetration of biocides. 
Additional impregnation time will most likely be needed to achieve satisfactory penetration of 
biocides. 
As mentioned earlier, overall treatment time is an important parameter for the overall 
economy of the treatment process. A lot of publications have therefore focused on the effects 
of treatment on the physical integrity of the impregnated wood, i.e. will the wood be 
physically damaged by treatment and how fast can treatment be carried out without impairing 
damages? While these questions are important to answer, it is possible that the limiting factor 
for the overall supercritical wood impregnation time is not have fast CO2 can be forced in and 
out of the wood matrix, but rather how fast the biocides will be distributed in the wood. 
The described method provides a means of screening existing and potential biocides 
with the supercritical wood impregnation process. Assuming that the goal is to get the fastest 
possible impregnation time, there would be an incentive to choose biocides with low partition 
ratios.  
 
Figure 20. Partition ratios as a function of CO2 density. 
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A range of additional studies could be carried with the described experimental set-up, 
which would further enhance our understanding of wood-biocide interactions in supercritical 
CO2. For example, a study examining the influence of temperature at equal density would be 
welcome. This could be done by comparing retention times measured at e.g. (40 °C, 91 bar); 
(50 °C, 110 bar); (60 °C, 129 bar); and (70 °C, 149 bar) – TP-combinations that all result in a 
CO2 density of roughly 0.5 g*ml-1. Another important question is establishing the influence of 
wood structure on the partition ratios. The sawdust used as column material in Paper III 
might behave differently than solid wood and might not reflect the issues encountered when 
impregnating solid wood correctly. The influence of wood structure might be carried out by 
replacing the sawdust in the column with solid wood glued into the column. Using this 
approach, differences between wood species, e.g. between hardwood and softwood species 
could also be examined. Finally, the column material could be replaced by cellulose, hemi-
cellulose, or lignin to investigate the relative influence of the three major wood biopolymers 
on the retention times. 
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Microdistribution of biocides  
in supercritical impregnated wood 
 
Distribution of biocides in wood is usually described at the macroscopic level as depth of 
penetration. However, impregnation efficiency may be dependent on the microdistribution as 
well, i.e. the distribution of biocides in the individual cell walls. Certain wood destroying 
organisms such as soft rot fungi may be able to selectively degrade the inner parts (S2 layer) 
of the wood cell walls [73-75]. If biocides are only superficially deposited in the S3 layer next 
to the cell lumens, there might still be a risk of biodeterioration of the cell walls. 
Knowledge of the microdistribution of biocides after supercritical impregnation would 
also give indications as to whether supercritical carbon dioxide functions as a swelling or a 
non-swelling solvent. Strong indications already exist that supercritical carbon dioxide acts as 
a swelling solvent because liquid extraction of supercritical impregnated wood yields a higher 
concentration of biocides when extraction is carried out with swelling solvents than with non-
swelling solvents (Ole Henriksen7, personal communication). 
 
Microdistribution analyses using SEM-EDS 
 
An experiment was set up for measuring the microdistribution of biocides in supercritical 
impregnated wood8. The objective was to measure the distribution of biocides across 
individual cell walls using a scanning electron microscope (SEM) equipped with energy 
dispersive x-ray spectroscopy (EDS) for elemental detection. 
The image of an SEM is produced by bombarding the sample with electrons in the form 
of a narrow electron beam that repeatedly scans the surface of the sample. The interaction of 
the electron beam with the surface of the sample causes secondary electrons to be emitted 
from the atoms near the surface of the sample. The secondary electrons are collected to 
produce the SEM image.  
However, a range of other signals are produced when the primary electron beam 
collides with the sample. One of those signals is x-rays. When electrons are emitted from the 
                                                 
7
 Ole Henriksen, Hampen Træforarbejdning A/S, Palsgårdvej 3, 7362 Hampen, Denmark. oh@superwood.dk 
8
 The experiment was done in collaboration with the Department of Wood Science and Engineering at Oregon 
State University and Dr. Jeffrey Morrell. 
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surface atoms as described above, they are replaced by electrons from higher energy electron 
orbitals within the same atom. The replacement may be accompanied by a release of energy in 
the form of x-rays. Each x-ray will have an energy characteristic of the element from which it 
originated. EDS provides information of the elemental composition of a sample by analysis of 
the emitted x-rays.  
The technique has previously been used to examine the microdistribution of biocides in 
wood after conventional pressure impregnation e.g. [76-78]. These studies have examined the 
microdistribution of electron dense metals and metalloids such as copper, chrome, zinc, and 
arsenic. However, these compounds have very low solubility in supercritical carbon dioxide 
and could not be used in the experiment presented here. Additional studies have examined the 
distribution of inorganic compounds such as chlorine after conventional impregnation e.g. 
[79,80].  
In the current experiment, it was decided to impregnate with the organic fungicide IPBC 
(3-iodo-2-propynylbutylcarbamate CAS 55406-53-6). IPBC contains iodine which only 
occurs naturally in trace amounts in wood. Consequently, it should be possible to establish the 
distribution of IPBC in the wood by mapping the presence of iodine atoms. In addition, IPBC 
has a relatively high solubility in supercritical carbon dioxide. It was assumed that with an 
atomic number of 53, the electron density would be sufficient to enable detection in small 
amounts. 
Accordingly, wood cubes (19 x 19 x 19 mm) from Southern yellow pine (Pinus taeda) 
were impregnated with IPBC by supercritical carbon dioxide. Southern yellow pine was 
chosen because its relatively thick cell walls would allow for better resolution between 
biocide loadings in the inner and outer parts of the cell walls. 
The pine cubes were impregnated to a target level of 500 ppm (w/w), a level close to 
use level concentrations. After impregnation, cell walls of the inner parts of the samples had 
to be exposed. The easiest way of doing this would have been cutting the samples with a 
razorblade to achieve clear cut surfaces of the cell walls for analysis. Cutting the samples 
would, however, potentially cause relocation of biocides, due to the sliding motion of the 
blade. Thus, the samples had to be exposed without a knife blade contacting the cell walls. 
The initial approach was to initiate a split in the sample with a razorblade and then carefully 
follow the split through by pulling the sample apart without the help of the razor blade. 
However, the exposed radial or tangential surfaces produced by this approach turned out to be 
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too fuzzy when examined in the SEM. As an alternative, small samples about 10 x 10 x 3 mm 
were frozen in liquid nitrogen before being broken across the longitudinal tracheids by 
clamping down on each “end” of the sample with a set of flat-nosed pliers (also cooled by 
liquid nitrogen) and then snapping the sample in two pieces. This approach caused many of 
the tracheids to break in such a way that a clean fracture was achieved at an angle of 90° to 
the longitudinal axis exposing the inner layers of the cell walls nicely for analysis (Figure 1). 
Samples were examined for distribution of 
iodine by SEM-EDS. The acceleration 
voltage was set at 20 kV with a current of 4 
nA. The working distance was about 11 
mm and the spot size was set to 1. The 
microscope was zoomed in on the cell walls 
of the sample and information on the 
distribution of iodine was collected by 
mapping the presence of iodine in the view 
area. Using this approach the impregnated 
samples were compared to non-treated 
controls. 
However, no iodine was found in any of the impregnated samples, i.e. no difference in 
iodine was detected between the samples and the controls. Figure 2 shows a typical 
distribution map and its corresponding image from one of the non-treated control. The 
distribution map shows the background noise in the cell wall when scanning for x-rays 
emitted by iodine atoms.  
 
 
Figure 2. SEM image of exposed cell walls of Southern yellow pine (left) and the corresponding distribution 
map (right). The distribution map shows the background noise in the control sample (non-treated) when 
analyzing for iodine. 
 
Figure 1. Cell walls of longitudinal tracheids exposed 
by breaking frozen samples cooled by liquid nitrogen. 
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A second set of samples were impregnated to 2000 ppm, four times the previous 
concentration, and analyzed for iodine content. 2000 ppm IPBC is equivalent to about 900 
ppm iodine, but even with the elevated concentration it was not possible to register a 
difference between non-treated and treated samples.  
 
Microdistribution analyses using SEM-WDS 
 
After failing to map the distribution of biocides using the SEM-EDS, the experiment was 
repeated, this time using a scanning electron microscope equipped with wavelength dispersive 
spectrometry (WDS) for element detection. WDS uses the same x-rays as EDS to analyze the 
elemental composition of a sample, but whereas EDS scans a broad range of energies and, 
thus, wavelengths at the same time, WDS only analyses one wavelength and, thus, one 
element at a time.  
The advantage of WDS is a lower detection limit than EDS. The disadvantage is that 
only one element can be analyzed at a time and that the spatial resolution is lower than EDS. 
The lower resolution meant that the microdistribution analysis across a single cell wall could 
not be performed. It was only possible to analyze for a larger area containing about three cell 
walls and the lumens in between. Since it was not possible examine microdistribution on a 
cell wall level, the samples for WDS analysis could be prepared by cutting with razor blades, 
as possible biocide “smearing” by the blades would not be an issue. 
Samples for the experiment were impregnated with IPBC using supercritical carbon 
dioxide to a target level of 2000 ppm. Additional samples were vacuum treated with IPBC 
dissolved in white spirits to target levels of 6000 ppm. All samples were analyzed for iodine 
content by SEM-WDS and compared to non-treated controls. As had been the case with the 
EDS measurements, it was not possible to register any difference in iodine content between 
non-treated and treated samples. Not even the vacuum treated samples treated to 6000 ppm 
gave a response.  
Because of the inability to spot iodine, attention was changed from IPBC to 
propiconazole to examine if the chlorine atoms of this biocide could be detected. A new set of 
samples were impregnated with propiconazole, this time to a target level of 4000 ppm, 
equivalent to about 850 ppm chlorine. In addition, samples were vacuum treated with 
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propiconazole in white spirits to a target level of 6000 ppm. The treated samples were, 
together with non-treated controls, analyzed by SEM-WDS for chlorine content. 
This time an increased level of chlorine was detected in the supercritical impregnated 
samples. However, the increase was only apparent in some of the samples. Figure 3 shows the 
distribution of chlorine in a non-treated control. Figure 4 shows the distribution of chlorine in 
four different supercritical impregnated samples. As is evident from figure 4 only two of the 
four samples (#1 and #4) had a clearly increased content of chlorine. Sample #3 had a slightly 
increased content in the lower part of the analyses area, while sample #2 did not seem to be 
different from the non-treated control. Two of the vacuum impregnated samples were also 
examined (figure 5). They did not differ noticeably from the non-treated controls, although 
one of the samples showed a slight increase.  
The apparent difference in distribution between the samples was surprising. Because of their 
relatively small dimensions (19x19x19 mm) it was expected that distribution would be more 
or less uniform. The above samples were exposures of the radial surfaces. However, it was 
not noticed whether exposures were done in latewood or earlywood areas of the samples. The 
observed differences might have been due to some of the exposures being done in a latewood 
zone and some in an earlywood zone. 
To examine this hypothesis, another set of samples were prepared from the same 
material as used for the radial exposures but this time with the tangential surfaces exposed, 
some in the latewood zone and some in the earlywood zone. 
 
 
 
Figure 3. SEM image of the scanned area of a radial surface of Southern yellow pine control (non-treated) 
containing three exposed cell walls (left), and the corresponding distribution map (328x313 pixels) of chlorine 
as measured by SEM-WDS (right). 
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  4b 
Figure 4. SEM images (left) of the scanned areas of radially exposed surfaces of Southern yellow pine, 
supercritical impregnated with propiconazole. The corresponding distribution maps (328x313 pixels) of chlorine 
as measured by SEM-WDS are shown on the right. 
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  2a 
  2b 
Figure 5. SEM images (left) of the scanned areas of radially exposed surfaces of Southern yellow pine, vacuum 
impregnated with propiconazole. The corresponding distribution maps (328x313 pixels) of chlorine as measured 
by SEM-WDS are shown on the right. 
 
Figure 6 show the distribution of chlorine in the latewood and earlywood of the samples 
impregnated with propiconazole. An elevated concentration of chlorine is evident in both the 
earlywood and the latewood. However, the chlorine seemed to be concentrated in the rays 
rather than longitudinal tracheids. This tendency was also observed for the vacuum 
impregnated samples. This time the vacuum impregnated samples had a higher concentration 
of chlorine than the supercritical impregnated samples, but again the majority of the chlorine 
content seemed to be concentrated in the rays rather than the longitudinal tracheids. 
The results indicate that the distribution of biocides after supercritical impregnation, as 
well as vacuum impregnation, is less uniform than what would be expected. The images of 
tangential surfaces suggest that the biocides might be present in higher concentrations in the 
rays than in the longitudinal tracheids. This seemed to be the case for supercritical as well as 
vacuum impregnated samples, although two of the four radially exposed supercritical 
impregnated samples apparently also had an even distribution in the longitudinal tracheids. 
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Figure 6. SEM images (left) of the scanned areas of tangentially exposed surfaces of Southern yellow pine, 
supercritical (top two rows) and vacuum (bottom two rows) impregnated with propiconazole. The corresponding 
distribution maps (328x313 pixels) of chlorine as measured by SEM-WDS are shown on the right. 
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Future work on this work this subject could benefit from the following guidelines. 
Iodine does not seem to be easily detectable and should not be used for this purpose. Chlorine 
seems a better option. DeGroot and Kuster [80] successfully mapped the distribution chlorine 
in PCP (pentachlorophenol) impregnated wood. However, they used minimum chlorine 
concentrations of around 3800 ppm which might be higher than what is achievable with 
deposition by supercritical carbon dioxide. Therefore, impregnation should preferably be done 
with saturated solutions to achieve maximum possible retention and not with use level 
concentrations as was done here. Alternatively, the possibility of using radioactive material 
could be investigated. 
Having impregnated the samples, it should be established whether the microdistribution 
of biocides is as variable as suggested by results here. To meet this end, distribution maps 
should be made of both transverse, radial, and tangential sides of impregnated samples. These 
maps should be produced in a larger scale than the individual cell wall. Both using SEM-EDS 
and SEM-WDS, an area about 500 x 500 µm would be useful. Once the distribution variation 
on this larger scale has been established, attention can be directed at the microdistribution on 
a cell wall level.  
It is possible that other analysis methods could be used for microdistribution studies. 
Kurti et al. [81] used Raman microscopy for the microdistribution studies of propiconazole in 
white spruce (Picea glauca). They reported a detection limit of 1000 ppm which is achievable 
by supercritical impregnation. Raman microscopy would also have resolution in the range of 
what is needed to study for studying distributions at the cell wall level.  
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Summary 
 
 
Although supercritical wood impregnation has been investigated for almost two decades, our 
understanding of the process is still only developing. This dissertation focused on movement 
of carbon dioxide and biocides in wood during impregnation. Initially, past research within 
the field of supercritical wood impregnation was reviewed. The longitudinal permeability of 
wood to supercritical carbon dioxide was investigated and an equation for calculating 
permeability of wood when measured with non-ideal gasses was put forward. Permeability 
measurements suggested that supercritical treatment of Norway spruce causes a small increase 
in permeability of around 12 % on average. The small increase in permeability might be 
caused by solubilization and removal of resin in the resin canals. The permeability of Norway 
spruce when measured with supercritical carbon dioxide was two and a half times higher than 
when measured with gasses. However, individual changes varied from 10-600 %. The reasons 
for the apparent increase in permeability when measured with supercritical carbon dioxide is 
unclear, but may be caused by supercritical carbon dioxide passing through the tori of 
aspirated pit membranes between tracheids. 
 The mechanisms of biocide migration in wood during supercritical wood impregnation 
were examined using a supercritical chromatograph. Selected organic fungicides 
(tebuconazole, propiconazole, and IPBC) were transported by supercritical carbon dioxide 
through a column packed with Norway spruce sawdust. The retention times of the fungicides 
were used to calculate partition ratios as a measure of the level of wood-biocide interactions. 
Wood-biocide interactions were found to be substantial and highly dependent on the 
prevailing physical conditions. They were also highly correlated with CO2 density. The results 
showed that wood has a chromatographic effect on biocides and, therefore, that carbon 
dioxide and biocides are transported though the wood matrix at different velocities. 
Knowledge of the degree of interaction at different operational conditions is key to the control 
of biocide movement during supercritical wood impregnation and to control biocide gradients 
in impregnated products. In addition, as a consequence of the chromatographic behavior of 
wood, overall impregnation times, an important economic parameter, seems to be limited by 
the movement of biocides – not by the rate at which wood can be pressurized and 
depressurized without impairing damages. 
44
 Microdistribution of biocides after supercritical wood impregnation using SEM-EDS 
was examined. Impregnation was carried out with IPBC with the aim of detecting the iodine 
atom of this biocide in the wood cell walls after impregnation. However, the mapping of 
iodine was unsuccessful since it, in the concentrations used for supercritical impregnation, 
was not detectable by the chosen technique. Additional experiments, carried out on wood 
samples impregnated with propiconazole and analyzing for chlorine using SEM-WDS, 
confirmed the presence of chlorine although the distribution seemed to be higher in the rays 
than in the tracheids. The resolution of the SEM-WDS was not high enough to plot the 
distribution of biocides across individual cell walls. Additional work will be needed to clarify 
the cell wall microdistribution of biocides deposited by supercritical fluids. 
 
Directions for research 
 
As frequently happens in the world of science, this work has generated more questions than 
answers. There should be enough challenges for several new studies within this area. 
Accordingly, a study on gas transport in wood at super- (and sub-) critical conditions would 
be valuable; as would a study focusing on the migration and distribution of biocides.  
Additional work is needed to establish the development of permeability as a function of 
pressure. Wood seem to have a higher permeability when measured at high pressure, but it is 
not known whether the increase is linear from low pressure to high pressure or whether there 
is a sudden increase in permeability at some point e.g. beyond the critical pressure. Additional 
measurements of radial and tangential permeability as function of pressure could enable 3-D 
modeling of gas transport in wood during impregnation. Theoretical considerations of the 
validity of basing high pressure permeability calculations on Darcy’s Law would also be 
welcome. Perhaps there are better ways of calculating permeability? 
 In this work we focused on the influence of CO2 conditions on the level of wood-
biocide interactions and migration. However, the influence of the physical and chemical 
structure of wood is still unknown. Is biocide migration comparable in softwoods and 
hardwoods considering the large variation in structure? Is it comparable for softwood of 
different permeability? What is the role of the individual wood biopolymers in wood-biocide 
interactions? Which available biocides are best suited for supercritical wood impregnation?  
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 Finally, it should be mentioned that in the course of this work we have seen increasing 
evidence that there is a substantial CO2 adsorption to wood during the supercritical treatment 
(unpublished). The mechanisms behind the adsorption of carbon dioxide and their importance 
for the impregnation process are still unclear but deserve further attention. In addition, there is 
evidence (unpublished) that the moisture content of wood is influencing the rate of pressure 
equilibration during impregnation. The issue of wood moisture content and its influence on 
supercritical wood impregnation has been virtually non-existent in past research and is yet 
another area that deserves more attention.   
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List of symbols 
 
A = area of cross section of object (m2) 
dP = pressure variable of integration 
dx = length variable of integration 
J = flux of matter through object (kg m-2 s-1) 
k1 = permeability measured with non compressible liquid (m3 m-1) 
k2 = permeability measured with ideal gas (m3 m-1) 
k3 = permeability measured with non-ideal gas (m3 m-1) 
kg = “gas permeability” (m3 m-1) (same as k2) 
L = length of object (m) 
n = amount of gas (moles) 
P = Pressure (bar) 
PIN = Pressure at high pressure end of object (bar) 
POUT = Pressure at low pressure end of object (bar) 
∆P = Pressure differential across object (bar) 
P = average pressure across object (bar) 
QV = volumetric flow rate (m3 s-1) 
QM = mass flow rate (kg s-1) 
R = gas constant (8.314 × 10−5 bar m3 mol-1 K-1) 
t = time (s) 
T = temperature (K) 
µ = viscosity of measuring fluid (Pa s) or (bar s) 
v = velocity of flow (m s-1) 
Vm = specific volume (m3 kg-1) 
V = volume (m3) 
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The use of supercritical ﬂuids for delivering biocides into wood and wood composites is an attractive
technique because of the high penetration capacity of these solvents compared to the liquids used in con-
ventional treatment methods. During the past two decades supercritical wood impregnation has moved
from lab scale to commercial scale.
This review presents an overview of the main research efforts that has been carried out within the ﬁeld
of supercritical wood impregnation. Results and conclusions of research within four main categories,
i.e. (1) effects of impregnation on physical properties of samples, (2) retention and distribution of bio-
cide in impregnated samples, (3) biological performance of impregnated samples, and (4) mathematical
modeling of supercritical impregnation are reviewed and discussed.
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1. Introduction
During the past two decades, the possibility of using super-
critical ﬂuids for impregnation of wood with biocides has been
investigated.
Wood is a biodegradable material that can be treated with
biocides to suppress biodegradation and prolong its service life
when used as a building material. Traditional pressure impregna-
tionmethods have changed little since Bethell patented the Bethell,
or full cell, process in 1838 [1]. This process uses an initial period
of vacuum followed by application of pressure to force a biocide
loaded liquid into the wood structure. However, the process has
∗ Corresponding author. Tel.: +45 2281 9640; fax: +45 3533 1508.
E-mail addresses: awk@life.ku.dk (A.W. Kjellow), oh@superwood.dk
(O. Henriksen).
some technical drawbacks such as the inability of treating wood
species with a high internal resistance to ﬂuid ﬂow. It also leaves
the wood more or less saturated with treatment liquid requiring
additional time to dry. Environmental concerns also exist due to
the difﬁculty of handling the treatment liquids without exposure
to workers and the environment.
The use of supercritical ﬂuids for wood impregnation has been
proposed as a possible solution to the limitations presented by
conventional wood impregnation methods. In the supercritical
treatment, CO2 is used in its supercritical state as a carrier medium
for organic biocides. Supercritical wood impregnation has evolved
from lab scale experiments to commercial application [2] and
a number of patents describing methods of supercritical wood
impregnation exist [3–9].
The idea of using supercritical ﬂuids for wood impregnation
is appealing because of the properties of ﬂuids in the supercrit-
ical state. While supercritical ﬂuids have densities and solvating
0896-8446/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.supﬂu.2009.06.013
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powers approaching thoseof liquids, allowing fordissolutionofbio-
cides, they also have zero surface tension and gas-like viscosities
and diffusivities allowing for easier penetration of wood com-
pared to liquids. Carbon dioxide has been the ﬂuid of choice for
research as well as the cited commercial application. CO2 has sev-
eral advantages — it is inexpensive, readily available, non-toxic,
non-ﬂammable, and has a relatively low critical temperature of
31.1 ◦C. Supercritical CO2 also seem to have little reactivity towards
the three main constituents of wood, i.e. cellulose, hemi-cellulose,
and lignin [10]. It is, however, to some extent capable of dissolving
wood extractives and has been used to collect extractives from a
wide variety of wood species such as species of pine [11,12], juniper
and cedar [13–15], and eucalyptus [16].
The extractive capability of supercritical CO2 has also been
investigated as a means of removing chemicals such as PCP
(pentachlorophenol) [17], formaldehyde [18], DDT (dichloro-
diphenyl-trichloromethane) [19], and CCA (chromated copper
arsenate) [20] from wood products and as a means of neutralizing
and strengthening paper [21].
This paper reviews the research carried out within the ﬁeld of
supercritical wood impregnation and is intended for researchers
seeking an overview and state of the art.
Selected results and conclusions from papers within four areas
of supercritical wood impregnation covering treatment effects on
physical properties of wood, biocide deposition, biological perfor-
mance, and modeling are presented and discussed.
2. Dimensional stability and changes in physical properties
2.1. Solid wood
Much of the research within the ﬁeld of supercritical wood
impregnation has focused on examining the effects of treatment
on the physical properties of treated wood. Initial studies by
Smith et al. were carried out on small match-size wood pieces
(2.4mm×2.4mm×54mm) of ponderosa pine (Pinus ponderosa)
[22] and white spruce (Picea glauca) [23] at treatment pressures
up to 27.6MPa, treatment temperatures up to 80 ◦C, and treatment
times up to 2h. No signiﬁcant differences in MOR (modulus of
rupture) or MOE (modulus of elasticity) were detected between
untreated and treated samples in these studies even at pressuriza-
tion rates of 13.8MPa/min.
However, working with larger samples of southern pine (Pinus
taeda) sapwood (19mm×19mm×510mm), Kim et al. [24] found
signiﬁcant differences in MOE and work to maximum load (WML)
between untreated samples and samples treated with supercriti-
cal CO2 and TCMTB (2-(thiocyanomethylthio)-benzothiazole). The
experiments were carried out at 50 ◦C for 30min at pressures
ranging from 12.4 to 24.8MPa. The treatment effect on MOR was
inconclusive with two of the ﬁve treatment pressures showing sig-
niﬁcant decreases in MOR of treated samples.
Acda et al. [25] examined the inﬂuence of treatment pressure
on MOR and MOE of Douglas-ﬁr (Pseudotsuga menziesii), white oak
(Qurcus alba), red alder (Alnus rubra), western red-cedar (Thuja pli-
cata), andwhite spruce. Samples (25mm×25mm×503mm)were
treated with supercritical CO2 and tebuconazole at 60 ◦C for 30 or
60min at pressures of 12.4, 24.8, or 31.1MPa followed by venting
at 1.24MPa/min. MOE was not signiﬁcantly affected in Douglas-ﬁr,
white oak, red alder, and white spruce while a signiﬁcant decrease
was noted for western red-cedar especially at high treatment pres-
sure. MOR seemed to decrease with higher treatment pressure in
western red-cedar and white spruce but the changes were not sig-
niﬁcant. MOR was unaffected in Douglas-ﬁr, white oak, and red
alder.
For samples measuring 15mm×15mm×120mm, Muin et al.
[26] found MOR and MOE of Japanese red pine (Pinus densiﬂora)
and Cryptomeria (Cryptomeria japonica) to be unaffected by super-
critical treatmentwith IPBC (iodopropynylbutylcarbamate) at50 ◦C
and 9.81MPa for 30min. However, MOE and MOR of Japanese larch
(Larix kaempferi (Larix leptolepis in original paper)) was found to
decrease to 82% and 72% of original values, respectively.
The inﬂuence of supercritical CO2 on the permeability of wood
was examined by Sahle-Demessie et al. [27]. They measured lon-
gitudinal permeability of Douglas-ﬁr heartwood before and after
exposure to supercritical CO2 with and without co-solvents. They
found permeability to increase signiﬁcantly after treatment for 8
of 10 different treatment conditions. However, permeability was
found to decrease in 19% of the samples. The authors suggested
that increases in permeability could be due to solubilization and
removal of extractives in pit membranes leading to unblocking of
pits and thus a decrease in ﬂow resistance of the wood. For all
samples they found an average weight loss of 3.32% as a result of
supercritical treatment indicating that a removal of extractives had
occurred. The authors speculated that the re-deposition of extrac-
tives in pits during depressurization could be the reason for the
decreasedpermeability in the remainderof the samples. Theweight
loss was comparable to the 2.1% weight loss reported by McDonald
et al. [12] for supercritical CO2 extraction of southern pine while
Li and Kiran [10] reported negligible weight loses of 0.5, 0.0, and
0.0% for extraction of white pine (Pinus strobus), red spruce (Picea
rubens), and sugar maple (Acer saccharum), respectively.
2.2. Wood composites
In addition to studies on solid wood a number of studies have
examined the effects of supercritical treatment on wood compos-
ites. Acda et al. [28] subjected four different wood composites
to supercritical treatment with tebuconazole with methanol as a
co-solvent at pressures between 12.4 and 31.0MPa, temperatures
between 45 and 75 ◦C, and treatment times between 5 and 30min.
They found no signiﬁcant changes in dimensional stability, MOR or
MOE in any of the composites compared to untreated controls.
Muin et al. [26,29] also examined the effect of supercritical
impregnation on the bending properties of wood-based com-
posites. They found MOE and MOR to decrease signiﬁcantly in
OSB (oriented strand board) whereas the other tested composites
(MDF (medium density ﬁberboard), softwood plywood, hardwood
plywood, and particleboard) showed no signiﬁcant decrease in
strength propertieswith the exception of softwood plywoodwhere
MOE was lower. MOR of particleboard was found to increase signif-
icantly as a result of treatment. The effect of supercritical treatment
onwood-adhesive integritywasmeasured by Acda [30]who exam-
ined the effect of treatment on the tensile strength perpendicular
to the surface (internal bond) of various composites. In most cases
tensile strength increased as a result of treatment, however, the
changes were not reported to be signiﬁcant.
2.3. Displacement and differential pressure measurements
All of the studies mentioned above are concerned with investi-
gating the effects of treatment conditions, i.e. treatment pressure,
temperature and time but do not consider the importance of
pressurization rates or depressurization rates. While treatment
pressure, temperature and time may inﬂuence the physical prop-
erties of treated wood, several newer studies have shown that
negative effects of treatments are likelier to stem from damages
occurred during pressurization and/or venting. Therefore, it is
unfortunate that most of the studies above do not state both the
pressurization and release rates as some of the reported detri-
mental effects of treatment might stem from damages occurred
duringpressurizationorventingandnotbecauseof theactual treat-
ment conditions. Even though wood is a permeable material and
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therefore to some extent will allow ﬂuid ﬂow through its interior,
permeability, and thus conductivity, vary markedly both between
andwithin species andmany species provide substantial resistance
to ﬂow especially to the ﬂow of liquids [31]. Darcy’s law describing
the ﬂow of ﬂuids through porous media is often used to character-
ize the ﬂowof ﬂuids throughwood. For liquid ﬂow, Darcy’s lawmay
be written as:
Q = kA P
L
, (1)
where Q= conductivity (m3/s), k=permeability (m3/(mPa s)),
A= area of cross-section through which there is ﬂow (m2),
P=pressure differential giving rise to ﬂow (Pa), and L= length of
ﬂow path (m).
Darcy’s law states that bulk ﬂow through a piece of wood is
dependent on the permeability of the wood and the differential
pressure giving rise to bulk ﬂow.
Therefore,whenpressurizingapieceofwoodwithaﬂuid, apres-
sure differential can develop between the surface of the wood and
its interior, because wood does not equilibrate pressure instantly.
This has been shown to be true for liquids and gases [32,33] and
recent studies have conﬁrmed the same phenomenon when pres-
surizing wood with supercritical ﬂuids [34–36].
The experiments on very small samples by Smith et al. [22,23]
led to the conclusion that supercritical ﬂuids could penetrate wood
instantly without the development of differential pressure. How-
ever, Anderson et al. [37] argued with reference to Darcy’s law that
pressure differences can be expected to develop during supercrit-
ical treatment of wood and that treatment damages are likely to
develop during pressurization or venting. They investigated the
effect of pressurization rate, venting rate, and treatment pressure
on the bending properties (MOR, MOE, and WML) of Douglas-
ﬁr, yellow-poplar (Liriodendron tulipifera), western red-cedar, and
Engelmann spruce (Picea engelmannii). All four species (in samples
38mm×38mm×585mm) were given eight different combina-
tions of treatments with pressurization and venting rates of 0.34 or
3.44MPa andmaximum treatment pressures of 10.34 or 20.69MPa.
Results varied between the species. No signiﬁcant negative
effects were found on the bending properties of yellow-poplar
and Douglas-ﬁr. In western red-cedar, fast venting had a negative
inﬂuence on bending properties while all treatment rates had a
negative effect on bending properties of Engelmann spruce. The
authors suggested that the differences found between the species
could be attributed to differences in permeability. Less permeable
species like western red-cedar and spruce do not equilibrate pres-
sure between the inside and outside of the sample as well as more
permeable species. If pressurization or venting is done too quickly,
the resulting pressure difference may build up to a level exceed-
ing the compressive or tensile strength of the wood resulting in
wood collapse or split. Therefore, they suggested that slower pres-
surization and venting rates might be needed to avoid build up of
excessive pressure gradients in wood during supercritical impreg-
nation.
KimandMorrell [38]used straingauges tomeasure thedisplace-
ment of samples of spruce (38mm×50mm×200mm) during
supercritical treatment and the inﬂuence of pressurization and
venting rates on displacement. Maximum displacement (i.e. in
situ displacement during treatment) was found to increase with
increasingpressurization rateswhile the residual displacement (i.e.
permanent displacement after treatment) decreased with more
rapid venting rates.However, the samples subjected to slowventing
rates and showing larger permanent displacement also showed a
higher maximum displacement although they were pressurized at
the same rate as the samples vented more rapidly. The authors sug-
gested that treatment conditions could be controlled to minimize
displacement.
In a study by Oberdorfer et al. [39], the effect of pressuriza-
tion and venting rate on deformation of OSB, MDF, LVL (laminated
veneer lumber), and Douglas-ﬁr heartwood was examined using
strain gauges. They found OSB, MDF, and Douglas-ﬁr to show mini-
mal displacement during treatmentwhereas in situ and permanent
displacement were recorded for LVL.
The above studies show that differences in pressure are likely
to develop between the inside and outside of wood samples sub-
jected to supercritical treatment and that the level of the pressure
differential to some extent can be controlled by adjusting pres-
surization and venting rates to avoid permanent damages from
occurring. Other researchers have conﬁrmed the development of
pressure differences in wood treated with supercritical ﬂuids and
even measured their actual magnitude. Schneider [34] developed a
method tomeasure, in situ, pressuredifferencesoccurring in apiece
of wood during supercritical treatment and used it to measure the
pressure responses in wood samples from 11 different species. He
found that the development of pressure differentials was depen-
dant on pressurization and venting rates and sample geometry, i.e.
the distance between the core and surface of the sample. He also
indicated thatpermeabilitywasdirectly correlatedwithdifferential
pressure development.
Schneider et al. [35] measured the development of pressure dif-
ferentials occurring in samples of solid wood from four species:
ponderosa pine, Douglas-ﬁr, white ﬁr (Abies concolor), and Paciﬁc
silver ﬁr (Abies amabilis). Pressurizing and venting samples of
30(R)×60(T)×60(L)mmat a rate of 0.276MPa/min they found ini-
tial pressure response to be highly dependant on permeabilitywith
ponderosa pine, Douglas-ﬁr, andwhite ﬁr recordingmaximum avg.
Ps during pressurization of 0.268, 0.375, and 2.089MPa, respec-
tively. Paciﬁc silver ﬁr collapsed. The effect of sample size on the
pressure responseofDouglas-ﬁrwasalsoexaminedwithmaximum
avg. Ps apparently increasing by an approximate factor of 3 for
every 15mm increase of the distance from the wood center to the
surface. Increasing the pressurization and venting rate for Douglas-
ﬁr to 0.827MPa/min resulted in a doubling of the maximum avg.
P to 0.791MPa which was still not sufﬁcient to inﬂict damage to
the samples. In a study involving heartwood of scotch pine (Pinus
sylvestris) with dimensions of 20mm×20mm×60mm, Drescher
et al. [36] found total pressure differential between core and sur-
face of the samples not to exceed 1.3MPa during pressurization in
steps of 1.6MPa every 5min. None of the samples were damaged
during treatment.
According to Darcy’s law, pressure response in wood during
pressurization and venting should be directly correlated to per-
meability. Intuitively, this seems a reasonable assumption since
permeability is a measure of resistance to ﬂow. Low permeability
would signify large resistance to ﬂow, which would lead to rapid
build up of pressure gradients. However, Schneider et al. [40] sur-
prisinglywasunable toprove any correlationbetweenpermeability
and the development of pressure differences for eight species of
softwoods. Ps were measured continuously during treatment
(pressurization and venting rates 0.276MPa; treatment pressure
at 10.3MPa) and the development of pressure gradients followed
the same pattern as reported by Schneider et al. [35]. Douglas-ﬁr
and especially species of pine equilibrated pressure fairly rapidly
and did not suffer any damage from treatment while species of
ﬁr, Engelmann spruce, and western red-cedar equilibrated pres-
sure slowly and eventually collapsed during pressurization. Pines
are generally considered to have larger permeabilities than ﬁrs and
spruces [31] and the observation that pines did not suffer dam-
ages while ﬁr and spruce did, seems to support the assumption
that higher permeability species equilibrate pressure more rapidly.
However, when the authors correlated the pressure differences
with actual permeability measurements from the same study they
were unable to prove any correlation. They investigated the inﬂu-
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ence of parameters such as permeability in all three dimensions,
diameter, frequency and area of resin canals, andwidth, length, and
area of tracheids but were unable to detect any meaningful rela-
tionships between parameters and pressure responses with few
exceptions. They did ﬁnd a signiﬁcant correlation between larger
longitudinal resin canal diameters and lowerP, but thiswas coun-
teracted by the ﬁnding that larger radial resin canal frequency
signiﬁcantly enlarged P.
Differential pressure measurements on composites were done
by Oberdorfer et al. [41] who measured, in situ, the effect of
three different pressurization and venting rates (1.03, 1.79 and
5.86MPa/min) on pressure difference in OSB during supercritical
treatment. They found pressure equilibration to be rapidwith pres-
sure differences during pressurization and venting rarely exceeding
0.45 and 0.2MPa, respectively, and concluded that pressurization
and venting rates up to 5.86MPa/min do not seem capable of caus-
ing damage to OSB.
Oberdorfer et al. [42] then used the samemethods to investigate
the effect of pressurization and venting rates on internal pressure
development ofOSB,MDF, LVL, andDouglas-ﬁr heartwood.OSBand
MDF were found to equilibrate pressure rapidly and show no signs
of damage at pressure and venting rates up to 5.86MPa/min. Pres-
sure development in LVL were strongly inﬂuenced by the glue lines
as these were found to be almost impenetrable. Samples with ﬂow
allowed in the grain direction equilibrated pressure fairly rapidly
and showed no signs of damage, while samples with this ﬂow path
sealed developed pressure gradients strong enough for the sam-
ples to collapse even at the slowest pressurization rate used at
0.14MPa/min. Pressurizing Douglas-ﬁr samples at 5.86MPa/min
resulted in excessive pressure gradients leading to collapse in
some, but not all samples. Samples pressurized and vented at
1.79MPa/min showed no signs of damage.
Summarizing the results above it can be concluded that initial
suggestions based on experiments with very small samples that
supercritical CO2 provides complete and instantaneous penetra-
tion of wood without negative effects on wood properties were too
optimistic. Very small samples may indeed be able to equilibrate
pressure instantly, but larger samples can provide a substantial
resistance to ﬂow. This may cause build up of internal pressure gra-
dients in the wood especially if ﬂow in the longitudinal direction is
restricted. If the compressive or expansive forces arising from pres-
sure gradients exceed the compression or tensile strength of the
wood, collapse or rupture of the wood structure may occur.
The rates of pressure application or release that can be applied
without negatively affectingwood properties seem to be speciﬁc to
thewood species or composite in questionwith permeability inﬂu-
encing the rate of differential pressure build up and the strength
properties of the sample determining the physical stress the sam-
ple can withstand. If pressurization and venting is carried out at
rates that do not cause build up of excessive internal pressure dif-
ferentials, treatment of most wood species and wood composites
without excessive detrimental effects on wood properties seem
possible. The evidence so far suggest that high pressure in it self
does not signiﬁcantly affect the physical properties of wood. How-
ever, it must be said that very little is known about the interaction
of supercritical CO2 and lignocellulose. Li and Kiran [10] suggested
that interactions between supercritical CO2 and lignocellulose are
non-reactive. This was based on the absence of weight loss from
treated materials. However, CO2 may interact with lignocellulosic
materials in ways that do not produce weight loss. Sorption of
CO2 to synthetic polymers under supercritical conditions can cause
swelling of polymers and affect their glass transition temperature
and their physical and mechanical properties [43]. Since wood to a
large extent consists of amorphous polymers, CO2 treatment might
have a similar effect onwood properties especially at conditions far
from the critical temperature and pressure.
3. Biocide deposition, retention and distribution
The ability of supercritical ﬂuids to deposit biocides in wood
has been investigated in a number of studies. Working with bio-
cide saturated CO2, Sahle-Demessie et al. [44] studied the effects
of treatment period and treatment pressure on maximum deposi-
tion and resulting distribution of TCMTB in Douglas-ﬁr heartwood
during supercritical treatment. At all treatment pressures and
times they noticed a concentration gradient from the surface
to the core of the wood samples. At a constant treatment time
of 30min they found retention in the center of wood pieces
(30mm×30mm×100mm) to increase 7-fold as treatment pres-
sure increased from 14.0 to 27.0MPa. The concentration gradient
from the surface to the core of the wood also became less pro-
nounced at 27.0MPa. Increasing the treatment period from 30 to
90min while maintaining treatment pressure at 25.0MPa leveled
out the concentration gradient considerably, yielding retention lev-
els of about 1kg/m3 at all depths.
Acda et al. [45] investigated the deposition of tebuconazole in
wood composites. Biocide retention increased signiﬁcantly when
treatment pressure was increased from 12.4 to 24.8MPa. However,
a further increase in pressure to 31.0MPa resulted in signiﬁcant
decrease in biocide retention to levels in between those found for
12.4 and 24.8MPa except for MDF where retention even dropped
below the 12.4MPa level. The increase in retention from 12.4 to
24.8MPa can be explained by the increased solvent power of super-
critical ﬂuids with higher pressure. Isothermally, the higher ﬂuid
density at higher pressures should result in a higher amount of
dissolved biocide provided the ﬂuid is kept saturated. However,
since solubility should have been even higher at 31.0MPa the
reported retention at this pressure is not immediately obvious.
In any case, retention levels for all treatment were found to lie
above the threshold values for fungal attack. Increasing temper-
ature 45→60→75 ◦C resulted in decreased retention levels but
all retention levels were still above the reported threshold values
for fungal attack. Treatment times as low as 5min were found to
deliver adequate amounts of biocide into the composites. Biocide
penetration was found to be complete in all composites and the
reported concentration gradients between inner and outer parts of
the samples were found to be between 1.1 and 9.6.
Acda et al. [25], investigating the effect of treatment pressure
and time on retention of tebuconazole in ﬁve species of wood, did
ﬁnd biocide retentions to increase consistently when pressure was
increased from 12.4 to 31.0MPa. They also reported concentration
gradients between inner and outer parts of the samples. Gradients
tended to increase with treatment pressure and were in the range
of 2.2–8.7 which the authors suggested could be due to movement
of biocide with CO2 from the core to the surface during depres-
surization. Treatment pressures of 24.8 or 31.0MPa were needed
to deliver acceptable amounts of biocide in the inner part of sam-
ples. However, because of the pressure gradients, this resulted in
overloading of the outer parts. In contrast to results reported by
Sahle-Demessie et al. [44], treatment times were found to have no
signiﬁcant inﬂuence on retention.
Muin and Tsunoda [46] investigated the inﬂuence of treatment
pressure and temperature on the retention and distribution of the
termiticide silaﬂuofen in ﬁve different wood composites. For every
treatment they introduced 4g of silaﬂuofen, but failed to report
whether this amount resulted in a saturated or sub-saturated ﬂuid
during the different treatment conditions. Treatment pressure var-
ied between 7.85 and 11.77MPa and temperature between 35 and
55 ◦C. Treatment pressure had varying effect on retention depend-
ing on the substrate. For example at 35 ◦C maximum retention for
plywood, MDF, and OSB was recorded at treatment pressures of
7.85, 9.81, and 11.77MPa, respectively. Effect of temperature was
equally inconsistent. However, all treatment conditions resulted in
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biocide retention above the reported threshold for termite attack
and concentration gradients between inner and outer parts of the
samples were between 1.1 and 6.5.
Drescher et al. [47] investigated the use of supercritical CO2 for
impregnation of wood with color agents but were only able to get
superﬁcial color retention. They suggested that the shallow pen-
etration of color agents compared to biocides was a result of the
low solubility of the investigated color agents (5–40mg/kg CO2 at
20.0MPa) compared to those reported for biocides. Solubilities of
more than 2 mass percent were reported by Sahle-Demessie [48]
for several biocides.
Many of the above studies worked with biocide saturated CO2
and therefore were really studies on the effects of operating condi-
tions on maximum possible retentions. The results clearly indicate
that it is possible to impregnate wood with adequate amounts of
biocide using supercritical ﬂuids as solvents. However, since over-
loading is not desirable, the question is what effect the treatment
conditions would have on the deposition of a limited ﬁxed amount
of biocide under sub-saturated conditions.
Working at sub-saturated conditions, Kang et al. [49] compared
the effect of two differentmethods of inducing biocide (cyprocona-
zole) deposition in ponderosa pine sapwood. Themethods used the
same treatment conditions at 10.3MPa and 40 ◦C for 60min but
differed in the venting schedule. The ﬁrst method termed “pres-
sure induced deposition” aimed at achieving biocide deposition by
venting at a constant rate of 0.866MPa/min until atmospheric pres-
sure. In principle this is the same method that has been applied in
almost all previous studies of supercritical impregnation. The sec-
ond method, termed “temperature induced deposition” involved
reducing the temperature by 0.4 ◦C/min at the end of treatment.
This causeda simultaneous reductionofpressureof 0.087MPa/min.
When both temperature and pressure were below the critical val-
ues the vesselwas vented at 0.4MPa/min. The temperature induced
deposition method produced higher retentions (55%) than the
pressure inducedmethodbut it also seemed toproduce steeper gra-
dients. Using the temperature induced method, the authors were
able to achieve retention targets of 0.25 and 0.5 kg/m3 with rela-
tively high accuracy. The fact that they were able to consistently
achieve the retention targets was attributed to working with sub-
saturated ﬂuids.
Kang and Morrell [50] examined the inﬂuence of treatment
time (30 or 180min) on the retention and distribution of cypro-
conazole (sub-saturated ﬂuid) in samples of Douglas-ﬁr heartwood
with varying dimensions (20x20mm, 40x40mm or 90x90mm
squares of 100mm length). Like previous studies they measured a
concentration gradient between the inside and outside of samples.
Interestingly they noted a higher biocide concentration at a given
sample depth in the 90x90mm samples compared to the smaller
samples. The longer treatment time of 180min did not have a large
effect on biocide retention or distribution. Kang et al. [51] allowed
a similar experiment to run for up to 720min and this time they
did ﬁnd biocide retentions at a given sample depth to increase with
treatment time, especially for the two larger samples treated for
720min. Basedon this observation theauthors suggested thatdiffu-
sion is the dominant factor determining biocide movement during
supercritical wood impregnation.
Another interesting study by Kang et al. [52] examined the
effect of treatment pressure and temperature on the deposition of
a ﬁxed amount of cyproconazole in ponderosa pine sapwood under
sub-saturated conditions. They found process conditions to have a
large inﬂuence on retention levels even though the same amount
of biocide was available for each treatment. The apparently most
favorable conditionsat40 ◦C,10.3MPayielded retentions levels that
were more than three times as high as the least favorable condi-
tions at 60 ◦C, 10.3MPa. At 40 ◦C, an increase in pressure from 10.3
to 20.6MPa resulted in a decrease in biocide retention from0.510 to
Fig. 1. The deposition and distribution of biocides in wood upon supercritical
impregnation is governedby chemical andphysical interactions betweenCO2,wood,
and biocides. The addition of co-solvents will complicate matters further.
0.378kg/m3. At 60 ◦C the same increase in pressure caused reten-
tion to increase from 0.153 to 0.370kg/m3. The authors suggest that
the observed decrease in retention with increasing temperature at
10.3MPa was likely the result of decreased solute solubility due
to decreased ﬂuid density at higher temperatures. At 20.6MPa the
increase in temperaturewould have a similar effect on ﬂuid density
but no difference in retention was observed. This could, they argue,
be explained by an increase in vapor pressure and thus increased
solubility of thebiocidewhich, at thehigherpressure, couldbe large
enough to cancel the effect of the decreased ﬂuid density caused by
the increase in temperature.
It has been common practice by supercritical wood researchers
to relate retention levels to biocide solubility in the supercriti-
cal ﬂuid. The primary premise for deposition of biocide in wood
during supercritical impregnation is presupposed to be loss of bio-
cide solubility and, thus, precipitation of biocide as the ﬂuid goes
from supercritical to subcritical conditions during venting. Accord-
ingly, biocide retentions should increase with biocide solubility.
This seems reasonable when working with saturated ﬂuids. The
higher the concentration of biocide in the ﬂuid, the higher the con-
centration of biocide in the impregnated wood.
When impregnation is carried out with sub-saturated ﬂuids,
however, theobserveddifferences indepositionareunlikely to stem
solely from differences in solubility because increasing biocide sol-
ubility at sub-saturated conditions does notmake anymore biocide
available for deposition. Differences in deposition observed when
working with sub-saturated ﬂuids must also take into account the
interactions between the biopolymers of thewood and the biocides
under thegiven conditions (Fig. 1). These interactionshavenot been
studied in detail perhaps because they are generally assumed to be
negligible. However, a paper by Lucas et al. [53] suggests that these
interactions might be substantial.
Lucas et al. [53] investigated the inﬂuence of treatment condi-
tions on impregnation of radiata pine (Pinus radiata) with decanal.
Their method of impregnation was different from those used in
most other studies. The majority of previous studies have carried
out impregnation by pressurizing and heating the impregnation
vesselwithCO2 andbiocides todeterminedconditions, then sealing
of the vessel and keeping the conditions allowing the CO2–biocide
mixture to penetrate the wood (with or without circulation) before
depressurizing the system. Lucas et al. [53] instead used a ﬂow
through column tomeasure equilibrium loadings of solute between
wood and CO2. The CO2–biocide mixture, pressurized and heated
to the desired conditions, entered the vessel at one end, ﬂowed
through at a given rate before exiting the vessel at the other end.
Thus, theCO2–biocidemixturewasnotallowed to reenter thevessel
upon exit.
The authors argued that the mechanism for impregnation of
biocides in wood with supercritical ﬂuids involves more than just
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a simple deposition due to decreased solubility of biocides upon
depressurization. They described the deposition mechanism as an
adsorption process whose equilibrium amongst other things is
determined by the partition coefﬁcients of solutes between wood
and CO2, i.e. the relative afﬁnity of solutes for the solid phase com-
pared to the ﬂuid phase. By monitoring the biocide concentrations
in the CO2 before (C0) and after (C) the vessel the authors were able
toestablish the saturation time (i.e. time forC0 toequalC) andcalcu-
late the retention of decanal at this equilibrium as well as examine
the effects of process conditions (pressure, temperature, and ﬂow
rate) on retention. Despite an increase in ﬂuid density, retention
levels decreased as operating pressure was increased from 10.0 to
12.5MPa at 35 ◦C. The authors explained the decrease in retention
level at higher pressure by the accompanied decrease in parti-
tion coefﬁcient, i.e. lower biocide–wood interactions compared to
biocide–CO2 interactions at higher densities. At 10.0MPa, increas-
ing the temperature from 35 to 46.8 ◦C resulted in a decrease in
retention which again was explained by a decrease in the partition
coefﬁcient with rising temperature. Changing the ﬂow rate inﬂu-
enced the time to reach equilibrium but had little, if any, inﬂuence
on retention levels. The study highlights the importance of consid-
eringwood/biocide interactionswhen analyzing biocide retentions
in supercritical impregnated wood.
Supercritical ﬂuids have been shown to be capable of deliver-
ing adequate amounts of biocide into wood and wood composites.
Impregnation to target retentions has also proved possible. Evi-
dence is inconclusive as to what extent biocide distribution is
dominated by bulk ﬂow or diffusion. Impregnation usually leaves
a more or less pronounced concentration gradient between the
surface and core of treated samples. Most investigations of bio-
cide retention and distribution have focused on biocide solubility
in supercritical CO2 in trying to explain the observed retentions and
gradients. However, wood/biocide interactions are likely to play an
equally important role in determining biocide deposition and these
interactions need to be studied more thoroughly.
4. Biological performance
Morrell et al. [54] established a soil block test to compare the
biological performance of supercritical or conventional (full cell
process using toluene) treated spruce. They used IPBC or PCP as
fungicides and the results indicated no signiﬁcant difference in per-
formance between the two treatmentmethods. In another lab scale
test, Acda et al. [55] tested the performance of tebuconazole treated
wood composites against different fungi in a soil block test. They
found the supercritical treatment with tebuconazole to provide
excellent protection against basidiomycetes in plywood and parti-
cleboard. Thresholds for plywood and particleboard exposed to the
brown rot fungi Gloeophyllum trabeum were 0.12 and 0.01kg/m3,
respectively, while the threshold for ﬂakeboard was 2.48kg/m3.
However, the treatmentprovided little protection forMDF. For sam-
ples exposed to thewhite rot fungi Phlebia subserialis thresholds for
plywood, particleboard, ﬂakeboard, and MDF were 0.25, 0.16, 1.45,
and 1.50kg/m3, respectively. They also found the treatment to be
effective against soft rot fungi.
Muin and Tsunoda [56] tested the performance of wood com-
posites impregnated with IPBC at varying treatment pressures and
temperatures. They found that most of the treatments did not
provide a satisfactory decay resistance of <3% mean mass loss of
samples exposed to decay fungi. The results were probably due
to a limited and insufﬁcient amount of biocide being used per
treatment. The authors did not undertake a chemical analysis to
establish the retention of IPBC in the treated samples, meaning that
the conclusions were limited. Muin and Tsunoda [57] then tested
the performance of wood composites treated with the termiticide
silaﬂuofen at different treatment conditions. Although treatment
efﬁciency varied with operating conditions, for every composite
tested (MDF, soft- and hardwood plywood, particleboard, and OSB)
they were able to obtain retention levels above the reported toxic
threshold of 0.025kg/m3 and mean mass losses of less than 3% in
samples exposed to the termite Coptotermes formosanus.
Finally, Muin and Tsunoda [58,59] tested the performance of
wood composites treated with a mixture of IPBC and silaﬂuofen
(10:1) at three different combinations of pressure and temperature.
The biocide mixture contained a larger amount of IPBC and a lower
amount of silaﬂoufen compared to the previous studies. This time
they found that IPBC levels in most of the treatments were high
enough to suppress the mean mass loss of samples exposed to the
brown rot fungi Trametes versicolor or thewhite rot fungi Fomitopsis
palustris to a satisfactory level of less than 3% mass loss. Perfor-
mance against C. formosanus was lower than the previous study
involving silaﬂuofen [57] indicating that the amount of silaﬂuofen
in the mixture was now too low.
Field tests of biological performance of supercritical treated
wood are scarce. Morrell et al. [60] reported results from a 48-
month ﬁeld test of tebuconazole treated wood composites set up
in Hilo, Hawaii. The test involved samples of OSB (from aspen),
MDF (from softwood), particleboard (from softwood), and plywood
(from Douglas-ﬁr) treated to different retention levels by varying
the treatment conditions (pressure, temperature, and treatment
time). The natural durability of untreated samples varied substan-
tially between the four types of composites with aspen OSB being
the least durable and Douglas-ﬁr plywood the most durable of the
tested materials. The performance of the treated samples reﬂected
the natural durability in the way that after impregnation, the sam-
ples with a high natural durability performed better than samples
with a low natural durability. Samples treated to low retentions
(<0.20kg/m3) generally decayed at rates only slightly slower than
untreatedsamples.AllOSBsamples failedwithin30months regard-
less of retention level. It was possible to suppress signiﬁcant decay
in MDF and particleboard even after 48 months of exposure but
it took relatively high retention levels to do so. MDF and particle-
board treated to retention levels above 2.4–3.0 kgwere in very good
condition even after 48 months suggesting a threshold for protec-
tion of MDF and particleboard around this level. Results were not
entirely consistent however since one set of MDF samples treated
at 0.13kg/m3 and another set of particleboard samples treated
to retention of 0.10kg/m3 showed surprisingly high resistance to
degradation even after 48 months. The best performing compos-
ite was Douglas-ﬁr plywood which showed little or no decay after
48 months when treated at retention levels >1.12kg/m3. Tebucona-
zole impregnationby supercritical ﬂuidswas thus shown toprovide
a reasonable protection against decay, but the concentrations of
biocide needed were larger than what was previously reported for
laboratory decay tests [55].
Morsing et al. [61] reported of ongoing Malaysian ﬁeld tests
(lap-joint according to ENV 12037 and L-joint according to EN 330)
involving both supercritical and pressure impregnated samples of
Scots pine sapwood (P. sylvestris) and Norway spruce (Picea abies)
but their discussion of results is limited. This paper also reported
results from laboratory tests (according to EN 113) where the toxic
threshold found for supercritical impregnated samples were com-
parable to those found for samples impregnated by conventional
methods using the same biocides, i.e. a mixture of tebuconazole,
propiconazole, and IPBC. Finally, the study concluded that the
supercritical treated samples were not especially sensitive to evap-
oration due to high temperature (according to EN 73) or leaching
(according to EN 84).
Although results from biological tests are limited they show
that biocides deposited by supercritical CO2 are capable of slow-
ing biodegradation rates of wood. Threshold values will of course
depend on the biocide(s) in question, but there the limited studies
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give no indications that supercritical deposition gives weaker per-
formance in comparison with conventional treatment methods if
the same biocides are used. Therefore, indications are that biocides
retain their toxicity after deposition by supercritical CO2.
5. Modeling
Some attempts at developing mathematical models to describe
and predict different aspects of supercritical wood impregnation
have been conducted. Hasan et al. [62] tried to model the phase
behavior of multi-component mixtures of CO2/biocide/co-solvent
but concluded that the models were only successful at conditions
far from the critical point. In an attempt to minimize the prob-
lems associated with resin bleeding during supercritical treatment
of wood due to the solubility of CO2 in wood resin, Laursen et al.
[63] modeled the solubility of CO2 and N2 in wood resin by mea-
suring the solubilities of the two gases in a model resin mixture
of -pinene, oleic acid, and abietic acid and using the data to esti-
mate the parameters for a modiﬁed Huron–Vidal ﬁrst order model.
They concluded that the model was able to qualitatively describe
the CO2/N2/resin mixtures.
Sahle-Demessie and co-workers [44,48] formulated a model to
predict the retention and spatial distribution of biocides in super-
critical treated wood. The model was based on one-dimensional
compressible ﬂow through a porous media and depended on a sin-
gle constant based on measurable ﬂuid and wood characteristics.
The model predicted a concentration slope from the surface to the
core of treated samples as well as a larger retention of biocide at
any given point with higher treatment pressure. This was in good
agreement with the experimental data from impregnation of solid
Douglas-ﬁr in the same study. However, the reason for themodeled
gradientwas that the CO2 was notmodeled to ﬁll up thewood com-
pletelyduring the treatment schedule. This is not in agreementwith
the differential pressure measurements carried out by Schneider et
al. [35] in which the CO2 is shown to penetrate similar samples.
The authors concluded that the model needed improvement espe-
cially to allow for incorporation of wood/biocide interactions such
as reaction and adsorption/desorption behavior.
Kang et al. [51] used experimental data and Egner’s solu-
tion method for one-directional diffusion to calculate diffusion
coefﬁcients for movement of cyproconazole in Douglas-ﬁr during
supercritical treatment. They found diffusion coefﬁcients tended to
increase over time suggesting an increased permeability over time
as well perhaps as a result of dissolving of wood extractives block-
ing intercellular pits. Diffusion coefﬁcientswere, however, found to
be abnormally high as concentration gradients approached zero.
Lucas and co-workers [53,64] developed a twoparametermodel
to describe the impregnation of radiata pine (P. radiata) with
decanal and compared the predictions of the model with exper-
imental results. The authors argued that the effectiveness of the
impregnation process is chieﬂy determined by mass transfer from
the ﬂuid, modeled by a mass transfer coefﬁcient, and equilibrium
distribution of biocide between the solid (wood) and ﬂuid (CO2)
under given process conditions, modeled by a partition coefﬁ-
cient. The model predictions corresponded well with experimental
data and thus the model seemed capable of predicting impreg-
nation curves of decanal impregnation of radiata pine using the
described set up. Due to its chemical structure, decanal probably
has a higher solubility in supercritical CO2 compared to the bio-
cides used in most other studies (e.g. tebuconazole, cyproconazole,
IPBC, PCP) and is capable of bonding chemically as well as physi-
cally to lignocellulosic material. Therefore, the maximum retention
levels reported by Lucas et al. [53] approached 250kg/m3 which
was substantially higher than maximum retention levels reported
elsewhere.
Limited success has been achieved in trying to model the super-
critical impregnation of wood with biocides. The model developed
by Lucas et al. [53] was successful in predicting total retention of
decanal in radiata pine, but did not consider the issue of concentra-
tion gradients. From the viewpoint of themanufacturer a successful
impregnationmodel should, ideally, be able to predict not only total
retention but also distribution of biocides. Such a model has yet to
be developed.
6. Conclusion
Summarizing the results from the research reviewed above, it
can be concluded that impregnation of wood using supercritical
CO2 has proven to be a viable way of impregnating wood with bio-
cides. Initial reports based on experiments with very small wood
samples indicated that supercritical CO2 was able to penetrate the
wood structure instantly without causing damage to impregnated
samples. This conclusion turned out to be overly optimistic when
studies involving larger samples showed that excessive pressur-
ization or depressurization rates caused failure in many types of
wood. Nevertheless, the studies on larger samples also showed
that if process conditions are monitored and controlled according
to limits given by the properties of the wood species or compos-
ite being treated, impregnation of most wood materials is possible
without causing excessive detrimental effects on wood properties.
Biocide retention studies, as well as studies on the performance
of supercritical impregnated wood against biological attack, have
shown that it is possible to deposit sufﬁcient amounts of biocides in
the wood using supercritical technology to slow biodegradation to
acceptable levels. However, gradients between concentration lev-
els in inner and outer parts of treated samples are likely to exist
and could be a challenge when impregnating wood of larger sizes.
Therefore, one of the main future challenges for researchers within
this ﬁeld will be to reduce the observed concentration gradients
in impregnated wood. Another major challenge will be to develop
mathematical models that can describe the movement of CO2, bio-
cides and co-solvents in wood during impregnation. A key means
of meeting these challenges is to develop a better understanding of
CO2/wood/biocide/co-solvent interactions.
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Abstract 
Wood permeability is a key factor in determining pressurization and depressurization rates for supercritical wood 
impregnation. However, permeability data for supercritical fluids in wood has not been previously published. Here we 
report the permeability of Norway spruce measured with supercritical carbon dioxide. An equation for the calculation 
of permeability to supercritical fluids is presented. The supercritical CO2 permeability was found to be 250 percent 
higher than the CO2 permeability measured at atmospheric levels. It is hypothesized that the higher supercritical 
permeability may be caused by the aspirated pits being permeable to supercritical carbon dioxide. In addition, 
permeability values measured with gasses at atmospheric levels before and after exposure to supercritical carbon 
dioxide are presented. Exposure to supercritical carbon dioxide resulted in a small but significant increase in 
permeability of 12 percent.  
 
 
 
1. Introduction 
 
Supercritical carbon dioxide can be used as solvent for 
wood impregnation [1]. The technique is 
commercialized [2] and exploits the combination of 
physical properties possessed by supercritical fluids. 
While having density comparable to liquids, carbon 
dioxide in its supercritical phase has low viscosity and 
low surface tension which allows it to flow through 
wood with less resistance than solvents in the liquid 
phase. Thus, by using supercritical CO2 as solvent, 
impregnation of wood species otherwise considered 
refractory such as spruce (Picea sp.) is now possible.  
However, despite the low viscosity and surface 
tension of supercritical fluids, wood can provide a 
substantial resistance to the flow of these fluids 
through its interior. The magnitude of resistance to 
fluid flow is dependant on the permeability of the wood 
species. Permeability data for many wood species are 
available in the literature and are often computed using 
one of two versions of Darcy’s law – one version for 
calculation of permeability to liquids, and another 
version for calculation of permeability to gases [3]. 
No permeability data exists for permeability of 
wood to supercritical fluids. For modeling purposes it 
is important to establish the permeability of wood to 
supercritical fluids. 
This paper examines the permeability of Norway 
spruce (Picea abies) to supercritical carbon dioxide. It 
also presents an equation for calculating permeability 
when measured with supercritical fluids. 
 
 
 
2. Materials and methods 
 
Experimental 
Wood from Norway spruce was provided by Vida 
Wood, Sweden. Two cylindrical dowels (final 
dimensions L = 50 mm, Ø = 6 mm) were drilled in the 
longitudinal direction from each of 27 different boards. 
The dowels, conditioned to 10 % moisture content, 
were glued into 50 mm long pieces of high pressure 
steel tubing (ID = 6 mm) using two component epoxy.  
After hardening of the glue, the ends of the wood 
pieces, which had intentionally been cut several 
millimeters too long, was shaved off to the level of the 
tubing assuming their final dimension of 50 mm in 
length. The shaving was done to eliminate the risk of 
fines from the band saw cut in the tracheid entrances 
affecting the permeability [4]. The tubing with the end 
cut dowel was attached with fittings to mount it on the 
experimental set-up as demonstrated in figure 1.  
Additionally, an inert permeability reference dowel 
was produced from sintered metal by Dansk 
Sintermetal A/S, Denmark. The metal dowel was also 
glued into high pressure steel tubing. 
The experimental set-up (figure 1) was designed to 
measure the permeability of wood to CO2 at both 
atmospheric and supercritical conditions. Two bottles 
of CO2 (Linde 4.8) provided flow for the system. One 
was equipped with a pressure reduction valve and used 
for low pressure measurements while the other was 
connected to a diaphragm pump (Burdosa MV 055.3/5) 
and used for high pressure measurements.  
Downstream from the CO2 bottles the tubing 
containing the wood dowel was mounted. A by-pass 
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valve allowed for simultaneous pressurization and 
depressurization of both ends of the dowel. 
Thermometers and pressure gauges with accuracies of 
±0.1 °C and ±0.1 bar, respectively was fitted on both 
the inlet and the outlet side of the dowel. A differential 
pressure meter (Smar LD301) measured the differential 
pressure between inlet and outlet pressure with ±0.01 
bar accuracy. 
The values of the inlet pressure and the differential 
pressure meter were recorded during the experiment 
using a data logger (DataQ 148U) connected to a 
computer. Downstream from the dowel, two differently 
sized needle valves controlled system pressure. One 
was a large diameter needle valve (V5) to use for 
pressure regulation during the pressurization and the 
depressurization phases. The other was a small 
diameter needle valve that enabled precise control of 
the differential pressure needed for the high pressure 
measurement. Flow was measured with a wet-test drum 
type flow meter (Schlumberger) or, for very low flow 
rates, with a bubble flow meter. The temperature of the 
system was controlled by water heating to 45 °C. 
 
 
Figure 1. Schematic presentation of the experimental setup. 
 
 
Each individual dowel was subjected to three 
permeability measurements in succession: One at 
atmospheric levels before exposure to supercritical 
conditions (k1), one at supercritical conditions (k2), and 
then one at atmospheric levels again after exposure to 
supercritical conditions (k3). 
The individual measurements were carried out as 
follows. For the first measurement at atmospheric 
levels, V2, V3, and V5 were opened. The flow through 
the dowel was now measured with one of the two flow 
meters while the values of T1, T2, P1, P2, and ∆P were 
recorded. Next, with V1, V3, and V4 open and all other 
valves closed, the pressure of the system was increased 
at a rate of 5 bar per minute until the inlet pressure had 
reached 155 bar. The by pass valve (V4) was then 
closed and V6 were opened to provide a pressure 
differential of about 2 bar. The flow was measured 
again while the temperature and pressure readings were 
recorded. V1 and V6 were then closed while V4 was 
opened and the system was depressurized at a rate of 5 
bars per minute by opening and closing V5 until 
atmospheric pressure was obtained. The second 
measurement at atmospheric level was then repeated. 
Finally, the permeability of the metal dowel was 
measured at the same conditions as the wood dowels. 
 
Calculations 
Calculations were carried out using an equation based 
on Darcys law and adapted for non-ideal gasses. 
Frequently, gas permeability values are calculated from 
the following equation based on Darcys Law that 
accounts for the compressibility of gasses [5-9]: 
 
INQx Pk
A PP
µ
=
∆
          (1) 
 
where, k is the permeability and Q is the volumetric 
flow through a sample with cross area A and length x. µ 
is the viscosity of the measuring fluid and PIN, ∆P, and 
P  is the inlet pressure, differential over the object, and 
mean pressure in the object, respectively. Equation (1) 
can be modified, e.g. to account for the possible 
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influence of molecular slip flow as described by 
several authors [3,10-12]. 
 However, since equation 1 is based on ideal gas 
behavior it will likely not be accurate when applied to 
supercritical fluids. A new equation was therefore 
constructed based on Darcys Law but adapted for non-
ideal gasses. 
 
Permeability, k, can be expressed in differential form 
by the general formula:  
 /
Qk
A dP dx
= −          (2) 
 
where, Q is the volumetric flow through a sample with 
cross area A and length x, and ∆P is the pressure 
differential over the object. Q/A = v is the velocity of 
the flow, thus: 
 
dP
v k
dx
= −            (3) 
 
Dividing (2) by the molar volume (Vm) yields the flux 
of matter J: 
 
m
k dPJ
V dx
= −           (4) 
 
Multiplying (3) with A gives the flow of matter per unit 
of time, q: 
 
m
A dPq k
V dx
= −           (5) 
 
Rearrangement and integration yields: 
 
out
in
P
P
m
dP qLk
V A
= −∫          (6) 
 
where, Pin and Pout is the inlet and outlet pressure, 
respectively. L is the length of the object. Since Pin > 
Pout, the integral is < 0 and is termed –Ip. Multiplication 
with the viscosity, µ, makes k independent of the fluid 
used for measurements and we arrive at a general 
formula for calculating k for non-ideal gases: 
 
P
qLk
AI
µ
=            (7) 
  
At constant conditions, the value of q is the same 
anywhere in the object and can be calculated, using an 
equation of state for the appropriate fluid, from the 
volume of the gas passing per unit of time at the inlet 
or outlet of the object. Ip can be determined by 
numerical integration. Here, we determined Ip using 
Simpsons rule with n=10. Eq. (6) was used to calculate 
permeability at atmospheric as well as supercritical 
pressures. The differences in permeability between k1 
and k2 and between k1 and k3 were calculated for each 
of the samples (n=27) followed by a paired difference 
tests to evaluate the null hypotheses of mean 
differences being equal to zero.  
 
3. Results and discussion 
 
Table 1 shows the mean permeability values of k1, k2, 
and k3. Mean permeability before treatment (k1) was 
found to be 0.0064 µm2. The variation between 
individual samples was relatively high as permeability 
values ranged from 0.0008 to 0.0307 µm2 before 
treatment. 
 Figure 2 shows the individual pair-wise percentage 
changes in permeability from k1 to k3 (the two low 
pressure measurements). Mean permeability increased 
12 % as a result of exposure to supercritical CO2. The 
increase was found to be significant. However, 
individual permeability changes ranged from -14 % to 
+62 % with 19 % of the samples showing a decrease in 
permeability after treatment.  
 
 
Table 1. Mean permeability of samples measured before, during, and after treatment with supercritical carbon dioxide. 
Measurementa P  
(bar) 
# of 
samples 
(n) 
Mean 
permeability 
(µm2)b 
Mean of paired 
differences from k1 
t-valuec 
 
p-value 
k1  3.5 27 0.0064 (0.0062) - - - 
k2  154 27 0.0198 (0.0205) 1.34e-02 4.603 9.58e-05*** 
k3  3.5 27 0.0072 (0.0066) 7.65e-04 3.087 4.76e-03*** 
a P is the mean pressure in dowels during measurement 
b
 Value in parenthesis is one standard deviation from mean value 
c
 Paired difference test of sample means  
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Figure 2. Permeability change in percent as a result of exposure to 
supercritical CO2. 
 
The slight but significant permeability increase of 
12 % between the k1 and k3 measurement could be 
caused by physical or chemical changes in the wood as 
a result of exposure to supercritical CO2. Excessive 
pressurization and depressurization rates have 
previously been shown to have detrimental effects on 
wood structure [13,14]. Large pressure differences 
during pressurization and de-pressurization can cause 
collapse or rupture in the cellular structure of the wood 
opening up larger flow paths. Chemically, supercritical 
CO2 could solubilize extractives in the cell walls and in 
the intercellular pits which might lead to “de-
aspiration” of aspirated pits. De-aspiration of pits 
might also be facilitated by smaller pressure 
differences during the process. 
Sahle-Demessie et al. [15] examined the change in 
permeability of wood of Douglas fir (Pseudotsuga 
menziesii) before and after exposure to supercritical 
CO2. They found the permeability to increase 117 % on 
average after supercritical treatment. As in the present 
study they found permeability to decrease in 19 % of 
the samples. Douglas fir contains a high amount of 
extractives compared to Norway spruce. The increased 
permeability found by Sahle-Demessie et al. might 
therefore be explained by removal of extractives from 
the wood. However, despite an average weight-loss of 
more than 3 % the authors found no significant 
correlation between weight loss and permeability. For 
this reason, they suggested that the increased 
permeability might be the cause of structural changes 
in the wood structure during treatment. The authors did 
not mention the pressurization and de-pressurization 
rates, but if those rates were excessive it seems likely 
that the increased permeability could have been caused 
by structural changes. Furthermore, it was 
hypothesized that the reason for the decrease in 
permeability in 19 % of the dowels could be clogging 
of pit membranes due to redeposition of solubilized 
extractives during depressurization.  
In the present study pressurization and de-
pressurization rates were kept at low levels. It is 
unlikely that the increase in permeability after 
treatment could be caused by collapse or split in the 
wood as a result of excessive pressure differences. 
A more likely possibility for the slightly increased 
permeability could be solubilization of resin in resin 
canals. Resin canals are not widely abundant in 
Norway spruce but nevertheless present on a consistent 
basis. Solubilization of resin in these canals might not 
bring about a significant weight change but could be 
sufficient to open up flow paths significantly wider 
than the tracheid to tracheid flow paths otherwise 
available which might lead to an increase in 
permeability. 
Figure 3 shows the individual pair-wise percentage 
changes in permeability from k1 to k2 (the initial low 
pressure measurement and the supercritical 
measurement). All samples showed an increase in 
permeability k1 to k2. The increase was found to be 
significantly different from zero with a p-value of 
9.58e-05. On average the increase was 250 %. 
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Figure 3. Percent change in permeability from measurements at 
close to atmospheric pressures to measurements with supercritical 
carbon dioxide at 150 bar pressure. 
 
Measurements on the metal dowel did not show a 
corresponding significant increase in the permeability 
at supercritical levels. The permeability at 154 bars 
(0.0016 µm2) was only 3 % higher than the 
permeability at atmospheric levels (0.0017 µm2).  
The substantial increase in permeability at 
supercritical levels is not immediately obvious, but 
could either be caused by temporary changes in the 
wood structure, differences in flow patterns at 
supercritical conditions, and/or interactions between 
the fluid and the substrate.  
Since no significant changes were detected between 
the high pressure and low pressure measurement of the 
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inert reference dowel, it is likely that the high 
differences for the wood dowels is caused by changes 
in the wood structure, or wood-CO2 interactions at 
higher pressures. 
Pressurization and depressurization rates were kept 
low so changes in wood structure caused by damages 
due to excessive internal pressure differences are 
unlikely. Furthermore, if the increased permeability 
was the result of damages to the wood structure, the 
permeability after treatment should also have been 
substantially higher than the before treatment values. 
 Interactions between wood and CO2 might possibly 
affect the permeability. Supercritical CO2 have been 
shown to adsorb in significant amounts to many 
different organic polymers [16]. Supercritical CO2 is 
might likewise adsorb to some extend to wood. If 
adsorption is occurring it is likely to cause some degree 
of swelling of the wood. However, in the case of 
swelling one would expect the permeability to decrease 
due to the decreased porosity which is contrary to our 
observations. 
Since the permeability increase was exclusive to the 
supercritical measurement, there seem to be flow paths 
available for supercritical CO2 which are not available 
for CO2 at atmospheric pressures. 
A possible explanation for increased amount of 
flow paths at supercritical conditions could be that CO2 
in its supercritical phase is able to penetrate the 
aspirated tori of the intertracheid bordered pits. In 
spruce wood, the larger part of the bordered pits are 
aspirated which accounts for the low permeability of 
this species. The tori consist of a network of cellulose 
and hemicellulose which is embedded in a matrix of 
pectin [17,18]. It is evolutionary developed to protect 
against the spread of air embolisms in the conducting 
xylem of the living tree [19]. Therefore, it is 
impermeable to flow of both liquids and gasses at 
atmospheric pressure but might be permeable to the 
flow of supercritical CO2. 
Supercritical CO2 can interact with a range of 
organic polymers [20]. Interaction with supercritical 
CO2 can change the physical and mechanical properties 
of polymers and cause weight gain through CO2 
adsorption, swelling, and plasticization through the 
lowering of glass transition temperatures [21]. It is 
likely that supercritical CO2 could swell and soften the 
torus polymers, especially the pectins, to allow for the 
mass transfer of CO2 through the torus.  
The increased permeability at supercritical 
conditions has implications for the supercritical wood 
impregnation process. Wood permeability is a key 
factor in determining how fast wood can be pressurized 
and depressurized without suffering internal damages 
as a result of excessive internal pressure gradients. For 
the economic performance of the process it is 
important to minimize overall impregnation times. If 
the limits of pressurization and depressurization rates 
are calculated on the basis of permeability 
measurements with gases at atmospheric levels, they 
will be underestimated in the supercritical region.  
 
4. Conclusion 
 
 The exposure of wood dowels (Norway spruce) to 
supercritical carbon dioxide had a small but significant 
effect on the permeability of the dowels. Average 
permeability values after exposure were 12 percent 
higher than the before exposure values. During 
exposure to supercritical CO2, average permeability 
was 250 percent higher than the gas permeability 
measured at atmospheric levels. It is hypothesized that 
the increased permeability at supercritical conditions 
could be explained by the tori of aspirated intertracheid 
bordered pits acting as semipermeable membranes, 
impermeable to liquids and gasses at atmospheric 
levels but permeable to supercritical carbon dioxide. 
The increased permeability of Norway spruce 
measured with supercritical carbon dioxide means that 
pressurization and depressurization of Norway spruce 
can be carried out at higher rates in the supercritical 
region without creation of internal damages in the 
wood.  
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The degree of interaction between selected organic biocides (tebuconazole, propiconazole, and IPBC)
and wood under supercritical conditions was investigated using a supercritical ﬂuid chromatograph. The
biocides were carried through a sawdust column by CO2 at various conditions. Retention times differed
markedly both between the examined biocides and between physical conditions. Tebuconazole showed
a higher afﬁnity for wood than the other biocides. For all biocides, wood afﬁnity was highest and, thus,
ﬂuid afﬁnity lowest, at lowest pressures.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
The service life of wood and wood products can be prolonged
by impregnation with biocides that decrease the level of biodegra-
dation. Most industrial impregnation is carried out under pressure
using liquids as carrier solvents for biocides. However, wood has
a high resistance to ﬂuid ﬂow. Supercritical ﬂuids have a combi-
nation of physical properties such as low viscosity, low surface
tension, high diffusivity, and high solvent power, which makes
them an attractive alternative to solvents in the liquid phase for
wood impregnation.
A number of studies were carried out to investigate the
deposition and distribution of biocides from supercritical wood
impregnation [1]. An important aspect of impregnation is the
movement and deposition of biocides during impregnation. This
aspect has, however, received little attention. The main principle
behind biocide deposition in wood during supercritical impregna-
tion is often described to be the loss of biocide solubility as the
ﬂuid undergoes the phase transition from super- to sub-critical
state during depressurization. However, the often reported exis-
tence of concentration gradients between biocide loadings in inner
and outer parts of impregnated samples [2–6] suggests that other
factors are inﬂuencing biocide movement and deposition.
∗ Corresponding author. Tel.: +45 2281 9640; fax: +45 3533 1508.
E-mail addresses: awk@life.ku.dk (A.W. Kjellow), oh@superwood.dk
(O. Henriksen), jchs@life.ku.dk (J.C. Sørensen), m.johannsen@tuhh.de
(M. Johannsen).
It is known from in situ differential pressure measurements
during supercritical impregnation that the supercritical ﬂuid fully
penetrates thewoodmatrix during treatment [7,8]. If the supercrit-
ical ﬂuid is evenly distributed in the wood matrix and the biocides
are not, it indicates that the wood is retaining the biocides as the
ﬂuid penetrates the wood matrix. In other words there is a strong
indication that deposition of biocides is taking place at supercrit-
ical conditions and that deposition is therefore not only due to a
sudden loss of solubility during depressurization. Lucas et al. [9]
measured equilibrium loadings of decanal in wood during super-
critical CO2 treatment. They showed that equilibriumloadingswere
substantial and concluded that the mechanism of deposition was
a favorable partition ratio of biocide to wood under supercritical
conditions [Cwood/Cﬂuid] instead of deposition of biocides during
depressurization.
This work examines the interaction of three organic biocides
with wood under supercritical conditions and shows that the key
to understanding the deposition of biocide in supercritical impreg-
nation lies in the partitioning of biocides between wood and CO2.
Implications for supercritical wood impregnation are discussed.
2. Materials and methods
2.1. Chromatographic system
A Hewlett Packard G1850A SFC was used for the experiments.
The system was equipped with a dual pistons reciprocating pump,
cooled to 5 ◦C by Peltier cooling system, and a column oven with
±1% accuracy. It also included an automatic injection system con-
0896-8446/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.supﬂu.2009.12.005
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Fig. 1. Chemical structure of the investigated biocides.
sisting of an HP GC AutoSampler Controller G1512AX and an HP
7673 Automatic liquid sampler. A UV detector, HP 1050, was also
built in. All system parameters were controlled by HP ChemStation
software. The pump was fed by CO2 from a pressurized bottle (Air
Liquide E290).
2.2. Column
Wood particles from Norway spruce (Picea abies) was ground
to a particle size less than 0.125mm of which 3.4 g (dry weight)
was used to pack a column (L: 294mm; ID: 6.35mm). At this parti-
cle size, the greater part of the wood cells is reduced to fragments
of cell walls. Consequently, the porosity and pore volume of the
material should be low and the greater part of the column mate-
rial should be available for interaction. To keep the wood particles
from ﬂushing out of the column, both ends of the column were
packed tight with glass wool, a thin cellulose ﬁlter, and a thin metal
sieve (labelled “ﬁne” but otherwise no data). To remove the extrac-
tives from the wood particles, which could otherwise inﬂuence the
detector response, the column was extracted at 40 ◦C and 300bar
for 4h, before it was mounted on the chromatograph.
2.3. Biocides
Tebuconazole (CAS 107534-96-3), propiconazole (CAS 75881-
82-2) and IPBC (3-iodo-2-propynylbutylcarbamate CAS 55406-53-
6) (Fig. 1) were obtained (>96% purity) from Lanxess AG, Janssen
Pharmaceutica, and Troy Chemical Company, respectively.
2.4. Method
Pressures were set at 8.0, 10.0, 11.0 or 15.0MPa while the tem-
perature was set at either 40 or 50 ◦C. The pressure drop over the
column was 0.4MPa, so a pressure of 8.0MPa signiﬁed an inlet and
outlet pressure of 8.2 and 7.8MPa, respectively. The pump was set
to provide a constant ﬂow of 2ml CO2 min−1 measured at 5 ◦C and
57bar.
For each combination of pressure and temperature the biocides
dissolved in ethanol were injected to the column and the retention
times recorded. For eachbiocide the retention timewasdetermined
as the average of two separate runs. Initial test were performed
Fig. 2. Chromatogram of the detector response (mAU at 200nm) to tebuconazole
0.5% dissolved in ethanol. Conditions at 50 ◦C and 11.0MPa. The ﬁrst peak was due
to disturbance of the ﬂow by the injection.
in order to establish an appropriate concentration of biocides in
the injected ethanol. For every run the injection volume was 7l.
Concentrations were selected to produce the best possible detector
response with emphasis on avoiding overloading of the column.
A UV spectrum (in ethanol) was obtained from each of the three
biocides and for each biocide the detector was tuned to match the
wavelength of maximum absorption, i.e. 200, 204 and 202nm for
tebuconazole, propiconazole, and IPBC, respectively. After injec-
tion, the retention time of the given biocide was established from
the chromatogram (Fig. 2) and a new run was initiated.
3. Results and discussion
The measured retention times are listed in Table 1 along with
the calculated retention factors (k′) and partition ratios (KD). The
partition ratio can be interpreted as the concentration of biocide in
the stationary phase relative to the concentration in the ﬂuid phase
and is in this work equal to the linear adsorption coefﬁcient since
the concentrations of biocides used were relatively low. Retention
factors and partition ratios were calculated as follows:
k′ = tRi − tM
tM
(1)
and
KD =
k′VM
VS
(2)
where tRi is the retention time of biocide i, tM is the hold-up time,
VM and VS are the volumes of the mobile phase and the stationary
phase which were 6.73 cm3 and 2.27 cm3, respectively.
Thehold-up times, i.e. the time itwould take thehold-upvolume
(VM) surrounding the stationary phase to elute were calculated.
Because the speciﬁc volume of the mobile phase at either side of
the pump was different, the hold-up time changed depending on
the experimental conditions. The pump was fed by CO2 at a ﬂow
rate of 2ml/min at constant conditions, i.e. liquid CO2 at 5 ◦C and
5.7MPa with a speciﬁc volume of 1.09 cm3 g−1. On the column side
of the pump the speciﬁc volume of CO2 varied between 1.28 and
3.60 cm3 g−1 resulting in variations in mobile phase ﬂow and hold-
up time accordingly. The hold-up time (tM) can be calculated from
the ﬂow entering the pump (FIN), the speciﬁc volume of CO2 at
either side of the pump (vIN and vOUT ), and the volumeof themobile
phase (VM):
tM =
VMvIN
FINvOUT
(3)
The calculations of the hold-up time were done under the assump-
tion that CO2 does not interact with the stationary phase.
The initial intention was to measure retention times at tem-
peratures of 40 and 50 ◦C and pressures of 8.0, 10.0, and 15.0MPa.
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Table 1
Retention times, retention factors, and partition ratios of three different biocides in a wood ﬁlled column subjected to a ﬂow of carbon dioxide at various supercritical
conditions.
T (◦C) P (MPa)  (CO2) (g/cm3) Biocidea (i) Retention timeb, tR(i) (min) Retention factorc, k′ Partition ratioc, KD
40
8.0 0.278
Tebuconazole – – –
Propiconazole (0.2) 16.0 (0.3) 14.6 (±0.4) 43.4 (±1.0)
IPBC (10) 6.6 (0.4) 5.5 (±0.4) 16.2 (±1.1)
CO2 (Hold-up time) 1.0d – –
10.0 0.629
Tebuconazole (0.25) 16.0 (0.3) 5.9 (±0.1) 17.5 (±0.4)
Propiconazole (0.05) 6.4 (0.0) 1.8 (±0.1) 5.2 (±0.1)
IPBC (5) 5.7 (–)e 1.5 (–) 4.3 (–)
CO2 (Hold-up time) 2.3d – –
15.0 0.780
Tebuconazole (0.1) 8.7 (0.0) 2.0 (±0.0) 6.0 (±0.0)
Propiconazole (0.02) 5.5 (0.1) 0.9 (±0.0) 2.7 (±0.1)
IPBC (5) 5.8 (0.1) 1.0 (±0.0) 3.0 (±0.1)
CO2 (Hold-up time) 2.9d – –
50
10.0 0.384
Tebuconazole (1.5) 39.4 (0.4) 27.2 (±0.3) 80.6 (±1.0)
Propiconazole (0.2) 19.5 (1.0) 12.9 (±0.8) 38.4 (±2.3)
IPBC (10) 9.0 (0.4) 5.4 (±0.3) 16.1 (±0.9)
CO2 (Hold-up time) 1.4d – –
11.0 0.503
Tebuconazole (0.5) 21.0 (0.5) 10.3 (±0.3) 30.7 (±0.8)
Propiconazole (0.05) 10.0 (0.5) 4.4 (±0.3) 13.1 (±0.8)
IPBC (5) 6.8 (0.5) 2.6 (±0.3) 7.9 (±0.8)
CO2 (Hold-up time) 1.9d – –
15.0 0.700
Tebuconazole (0.1) 10.0 (0.1) 2.9 (±0.0) 8.5 (±0.2)
Propiconazole (0.02) 5.4 (0.0) 1.1 (±0.0) 3.3 (±0.1)
IPBC (5) 5.8 (0.0) 1.3 (±0.1) 3.7 (±0.0)
CO2 (Hold-up time) 2.6d – –
a Value in parenthesis is the concentration of biocide in the injection ﬂuid in percent (weight).
b First value is the mean of two measurements. Value in parenthesis is one standard deviation.
c First value calculated from the mean retention time. Value in parenthesis is the deviation to the ﬁrst value caused by ± one standard deviation of the retention time.
d Calculated value.
e Only one measurement.
However, due to the low efﬁciency of the sawdust column (dis-
cussed below) it was not possible to establish retention times for
any of the biocides at 50 ◦C and 8.0MPa. We made an extra set of
measurements at50 ◦Cand11.0MPa instead.At40 ◦Cand8.0MPa it
was only possible to establish the retention time for propiconazole
and IPBC.
Figs. 3 and 4 show a graphic presentation of the partition ratios
at the examined physical conditions.
The results show that the physical conditions had a large inﬂu-
ence on the partition ratios of the three biocides and the partition
ratios were markedly different for each biocide at constant condi-
tions. The partition ratios increased with decreasing pressure and
increased at the higher temperature. This hints at a correlation
between partition ratios and CO2 density. Fig. 5 shows the partition
ratios as a function of CO2 density.
Fig. 3. Partition ratios of biocides at 40 ◦C and varying pressures.
The results show a strong correlation. As CO2 density increases
the solubility of the biocide in the ﬂuid increases and the equilib-
rium (4) is shifted to the left-hand side which will cause a decrease
of the partition ratio.
[Biocide]CO2 ↔ [Biocide]Wood (4)
However, the equilibrium (4), and thus the partition ratio, is not
only inﬂuenced by biocide solubility in CO2 but also by the afﬁnity
of the biocides forwood. Previously, some solubilitymeasurements
of the three biocides in supercritical CO2 were carried out by the
authors at nine different combinations of temperature and pres-
sure, i.e. three different isotherms (at 40, 50, and 60 ◦C) with three
measurements (110, 130, and 150bar). The data showed that for
any one of the examined conditions propiconazole had the highest
(∼0.7–7.0%, w/w) and tebuconazole the lowest (∼0.1–1.0%, w/w)
Fig. 4. Partition ratios of biocides at 50 ◦C and varying pressures.
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Fig. 5. Partition ratio as a function of CO2 density.
solubility of the three biocides. Comparing with the results of the
present work, it can be seen that the biocide showing the highest
solubility (in this case propiconazole) may not be the same as the
one showing the lowest partition ratio (in this case IPBC).
The present study supports the conclusion by Lucas et al. [9] that
deposition of biocides is controlled bymore than just loss of biocide
solubility at the super- to sub-critical transition during depressur-
ization. At any time during the impregnation process a substantial
part of the biocide will be adsorbed to the wood. In this study, even
at aCO2 densityof 0.78gml−1, thepartition ratiowas still above2.6.
During depressurization the partition ratio is gradually increased
to such a degree that by far the larger part of the introduced biocide
will already be adsorbed to the wood when the ﬂuid undergoes the
phase transition from super- to sub-critical state.
Previous reports on biocide deposition following supercriti-
cal impregnation frequently report of a concentration gradient
between the inner and outer parts of impregnated samples but
have been undecided in their explanations of the observed gra-
dients [2–6]. The results presented here indicate that the reason
for the observed gradients is that wood acts as chromatographic
material which ﬁlters the biocides from the CO2 as the ﬂuid moves
through the wood matrix.
During pressurization, the wood gradually ﬁlls up with CO2, i.e.
there is a bulk ﬂow of CO2 from the outside to the interior of the
wood. At low pressures the solubility of the biocides will be neg-
ligible meaning that the wood matrix ﬁlls up with CO2 without
biocides. As the pressure and temperature is increased the biocides
gradually dissolve and travel with the CO2 to the interior of the
wood. However, because of the high degree of interaction between
wood and the biocides themovement of biocides through thewood
matrix is slower than the movement of CO2. Therefore, when CO2
penetration of the wood sample is complete the penetration of bio-
cides is likely to be incomplete. After pressure equilibration, the
biocides will move through the wood matrix by diffusion and the
rate of diffusion will depend on the partition ratios. During depres-
surization, the direction of ﬂow of both CO2 and biocides in the
wood matrix is reversed. Thus, the wood–biocide interactions now
work to the beneﬁt of the wood preserver by holding back the
biocides in the wood structure. However, there will still be a net
migration of biocides towards the surface of the wood adding to
the steepness of the concentration gradient.
The exact nature of interactions between wood and the exam-
ined biocides are unknown. In principle, the interactions could be
both physical and chemical. Physically, sawdust has a very irreg-
ular structure and each grain of sawdust could have numerous
microcavities able to temporarily hold back molecules. More likely
though, the interaction canbe considered chemical innature.Wood
has a complex chemical structure and the possibilities for chemical
interactionwith the biocides are numerous.Wood consists primar-
ily of three major biopolymeric units: cellulose, hemicellulose, and
lignin. Cellulose is an unbranched polysaccharide composed of -
d-glucopyranose units, hemicellulose is a branched polysaccharide
composed mainly of hexoses, pentoses and hexuronic acids, and
lignin is a complex matrix consisting of a randomized polypheno-
lic backbone of monolignols (coniferyl alcohol, p-coumaryl alcohol,
and sinapyl alcohol). In the case of Norway spruce, cellulose, hemi-
cellulose, and lignin account for approximately 48, 22, and 28% of
the mass of the wood, respectively, although the exact composi-
tion will vary between trees and even within a single tree [10]. Due
to the OH-groups present on the cellulose and especially hemicel-
lulose, wood is generally hydrophilic in nature. However, lignin
is more hydrophobic meaning that wood can interact with both
hydrophilic and hydrophobic substances. Thus, the biocides could
potentially interact with a wide range of macromolecules present
in the wood matrix.
Tebuconazole has a hydroxyl group located across from its
azole group. The hydroxyl group may form hydrogen bonds to the
hydroxyl groups in thewood increasing the partition ratio, explain-
ing the high partition ratios of tebuconazole.
Considering the cause for the different retention times, it should
be taken into consideration that the experiments were done with
sawdust as the stationary phase. When industrial scale impreg-
nation is carried out the stationary phase is solid wood. There is
a large structural difference between a matrix consisting of solid
wood and a matrix of sawdust. This could give rise to differences in
ﬂow patterns that might inﬂuence biocide movement. In addition,
the surface available for chemical interactions could be slightly dif-
ferent from sawdust to solidwood. A ﬂuid ﬂowing through amatrix
of sawdust would likely come into contact with more lignin than it
would if it passed through a piece of solid wood because the lignin
rich middle lamellas would be exposed in sawdust but unexposed
in solid wood. It is possible that these differences between sawdust
and solidwood could lead to different retention times and partition
coefﬁcients had the experiments been carried out using a piece of
solid wood as the stationary phase.
The sawdust columnwasable to fulﬁll thepurposeof thepresent
study. However, compared to a pre-packed chromatographic col-
umn, the efﬁciency of the sawdust column was very low with an
estimated number of theoretical plates of about 10. Consequently,
peak broadening increased considerably with time meaning that
at the longer retention times the introduced amount of biocide
needed to be higher to produce a peak. In doing so, we introduced
the risk of overloading the column as is evident from Fig. 2. This
likely resulted in underestimated retention times and thus under-
estimated partition ratios. At 8.0MPa and 50 ◦C we were unable to
produce a peak for any of the biocides without heavily overloading
the column while at 8.0MPa and 40 ◦C we were unable to produce
a peak for tebuconazole. Tominimize the problems associatedwith
overloading of the column, future experimentswould likely beneﬁt
from increasing the amount of stationary phase.
The results presented here could have implications for the eval-
uation of biocides to be used for supercritical impregnation, but
may also be relevant for other pressurized impregnation processes.
Overall treatment time is an important parameter in determining
the economic viability of the impregnation process. With the evi-
dence that some biocides are transported more quickly through
the wood than others, there would be an incentive to choose these
biocides over the slower moving ones as long as the toxicity is at
the same level. Passing the biocides through a sawdust column sub-
jected to supercritical conditions provides ameans of screening the
biocides in this respect.
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4. Conclusion
Wood in the form of sawdust has been shown to have a chro-
matographic effect on the biocides tebuconazole, propiconazole,
and IPBC when subjected to a ﬂow of supercritical CO2. The bio-
cides had markedly different retention times and thus partition
ratios and the values were highly dependent on the physical con-
ditions, i.e. pressure and temperature. Tebuconazole recorded the
highest retention time and partition ratio which could be caused
by its hydroxyl group interacting with the hydroxyl groups in the
wood. The results indicate that the retention times and partition
ratios of biocides need to be taken into account when evaluating
new – and existing – biocides for compatibility with the supercrit-
ical impregnation process because the partition ratios could have
a signiﬁcant inﬂuence on the overall treatment time, and thus the
economy of the impregnation process. Running biocides through a
column of sawdust seems to be a useful method of evaluating the
compatibility of biocideswith the supercriticalwood impregnation
process.
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ABSTRACT 
Understanding the movement and deposition of biocides in wood is a fundamental aspect of the 
supercritical wood impregnation process and a key issue in developing the process e.g. to handle 
wood of larger dimensions. Previous research on supercritical wood impregnation frequently 
reports of a biocide concentration gradient in impregnated samples i.e. a lower concentration of 
biocides in the core of the samples than nearer the surface. Researchers seldom comment on the 
reasons for the observed gradients, and the subject of biocide/wood interactions is generally 
overlooked. In this paper we investigate the interactions between wood and propiconazole in 
supercritical carbon dioxide and hypothesize that the reasons for the observed gradients is that 
wood has a chromatographic effect on the biocides as they move with the carbon dioxide through 
the wood matrix. The degree of interaction at different conditions is estimated by calculation of 
partition ratios. 
 
Keywords:  propiconazole, supercritical carbon dioxide, supercritical chromatography, 
interaction, impregnation 
1. INTRODUCTION 
During the past two decades supercritical carbon dioxide has repeatedly been investigated as a 
solvent for wood impregnation. The majority of the research has focused on the effects of 
supercritical treatment on the physical properties of wood and a wide variety of wood species 
have been treated with an equally wide array of organic biocides (e.g. Anderson et al. 2000, 
Acda et al. 2001). Researchers often report of a concentration gradient between biocide 
concentrations in the inner and outer parts of supercritical impregnated samples (e.g. Sahle-
Demessie et al. 1995, Acda et al. 1997, Kang et al. 2006). Despite these observations, the issue 
of biocide movement and deposition has received little attention and most studies do not discuss 
these gradients beyond noting their existence. 
 
From differential pressure measurements carried out in-situ during supercritical wood 
impregnation, it is known that the carbon dioxide penetrates the wood during treatment to the 
extent that pressure inside and outside of the sample equilibrates (Schneider et al. 2005, 
Schneider et al. 2006, Drescher et al. 2006). The biocide concentration gradient is therefore not 
the result of incomplete penetration of wood samples by the CO2/biocide mixture. Probable 
causes for the gradients could then be that either 1) part of the biocides gets re-extracted from the 
wood as the carbon dioxide leaves the wood during depressurization, or 2) the biocides get 
filtered from the carbon dioxide as the mixture fills up the wood matrix. 
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Understanding biocide movement and the deposition mechanisms is an important part of the 
continued development of the supercritical wood impregnation process especially when 
impregnating wood of larger dimensions. This paper examines the interaction of propiconazole, 
an organic anti-fungal triazole-compound, and wood in a supercritical carbon dioxide 
atmosphere by measuring the retention times of propiconazole in a wood filled column mounted 
on a supercritical chromatograph. 
 
2. MATERIALS AND METHODS 
2.1 Materials 
Propiconazole >96% purity was supplied by Janssen Pharmaceutica, Belgium. Sawdust with a 
particle size < 125µm was prepared from boards of Norway spruce (Picea abies) supplied by 
Vida Wood, Sweden. The supercritical chromatograph was a HP G1850A ChemStation equipped 
with a HP 1050 UV detector. Carbon dioxide was from a pressurized bottle, Air Liquide E290.  
 
2.2 Methods 
A column was build by filling a metal cylinder with sawdust. The column had a length of 294 
mm and an inside diameter of 6.4 mm. Sawdust was prepared from Norway spruce and passed 
through a 125 µm mesh. 3.4 g of the fraction passing the mesh was transferred to the column. 
The ends of the column were packed tight with metal sieves and cellulose filters on top of glass 
wool to prevent the sawdust from leaving the column during the experiments. Thus the column 
build-up was as follows: metal sieve – cellulose filter – glass wool – sawdust – glass wool – 
cellulose filter – metal sieve. The metal sieves were intended for column preparation and labeled 
“fine” but the actual mesh size was unknown. 
 
The column was mounted on the chromatograph and subjected to a flow of carbon dioxide at 
various supercritical conditions. For each run the propiconazole was dissolved in ethanol and the 
ethanol-propiconazole mixture was injected into the pre-column flow path of the carbon dioxide. 
The propiconazole was then moved downstream through the column to the detector. The 
retention time was established from the resulting chromatogram and the procedure was repeated. 
All system parameters i.e. pressure, temperature, flow rate, injection volume, and detector 
wavelength were controlled via system software (HP ChemStation). Temperature was set to 
either 40 or 50ºC and the pressures were set to either 8, 10, or 15 MPa when running at 40°C, 
and 10, 11, or 15 MPa when running at 50ºC. We were unable to record a retention time at 50ºC 
and 8 MPa and therefore made an extra set of measurements at 11 MPa instead. For all runs the 
flow rate was set at 2 ml CO2/min and the detector was set to measure the absorbance at 204 nm 
based on the measured UV spectra of propiconazole in ethanol. 
  
3. RESULTS AND DISCUSSION 
The measured retention times are reported in Tab. 1. Also reported are the retention factors and 
the partition ratios calculated as follows: 
 
M
MR
t
ttk −=´              (1) 
 
and 
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where k´ is the retention factor, tR is the recorded retention time, tM is the hold-up time, KD is the 
partition ratio1, VM is the volume of the mobile phase (i.e. the hold-up volume), and VS is the 
volume of the solid phase (i.e. the volume of the sawdust). KD is essentially a measure of the 
partitioning of biocide between the solid phase and the fluid phase i.e. the ratio of the biocide 
concentration in the wood to the biocide concentration in the fluid phase at equilibrium. A value 
higher than 1, would signify a higher affinity of propiconazole for wood than for CO2. The table 
also lists the hold-up times i.e. the retention times of the carbon dioxide. The hold-up times were 
calculated under the assumption that the CO2 did not interact with the sawdust. Under this 
assumption the hold-up time can be calculated from the flow rate into the pump (FIN) and the 
volume of the mobile phase (VM) taking into account the difference in fluid specific volume at 
either side of the pump (υ IN and υ OUT): 
 
OUTIN
INM
M F
Vt υ
υ=            (3) 
 
The pump input was liquid CO2 at 57 bars cooled to 5°C soυ IN was a constant 1.09 cm3/g.υ OUT 
varied depending on the physical conditions of the run between 1.28 cm3/g and 3.60 cm3/g. 
   
 
Table 1. Retention times of propiconazole in the wood column under the indicated physical conditions. 
Corresponding retention factors and partition ratios are shown together with the calculated hold-up times 
of CO2. 
 
T 
(ºC) 
P 
(MPa) 
Molecule 
 
Retention time 
Rt (min) 
Retention 
factor (k´) 
Partition ratio 
(KD) 
Propiconazole 16.0 5.2 43.3 8.0 CO2 (hold-up time) 1.07*   
Propiconazole 6.4 1.7 5.1 10.0 CO2 (hold-up time) 2.42*   
Propiconazole 5.5 0.8 2.6 
40 
15.0 CO2 (hold-up time) 2.99*   
Propiconazole 19.5 12.4 38.3 10.0 CO2 (hold-up time) 1.46*   
Propiconazole 10.0 4.2 12.9 11.0 CO2 (hold-up time) 1.93*   
Propiconazole 5.4 1.0 3.1 
50 
15.0 CO2 (hold-up time) 2.68*   
*) Calculated value 
 
Fig. 1 and Fig. 2 show the estimated partition ratios at the examined physical conditions. First, 
experiments were run at a constant temperature of 40ºC and three different pressures 8, 10 and 
15 MPa. Next, the temperature was increased to 50°C and the measurements were repeated at the 
same pressures. However, we were unable to record a retention time at 8 MPa, because the 
affinity of propiconazole to wood at these conditions were so large that a peak could not be 
established from the chromatogram. The efficiency of the sawdust column was very low 
meaning that peak broadening increased considerably with time. At 50ºC and 8 MPa, the 
                                                 
1 ) KD has often in the past been termed partition coefficient. However, the International Union of Pure and Applied 
Chemistry (IUPAC) has discontinued this term and instead recommend using the term partition ratio (IUPAC 
2009). 
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chromatogram did not show a peak but rather a very long low hill which made a correct 
establishment of the retention time impossible. A measurement was made at 11 MPa instead. 
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Figure 1. Estimated partition ratios for 
propiconazole in a wood/CO2 system at 40ºC and 
varying pressures. No experiments were done at 
11 MPa. 
Figure 2. Estimated partition ratios for 
propiconazole in a wood/CO2 system at 50°C and 
varying pressures. Experiments at 8 MPa were done 
but the retention time could not be recorded at this 
pressure. 
 
The results show that the experimental conditions had a large influence on the 
wood/propiconazole interactions. Partition ratios decreased isothermally with increasing 
pressures. Isobarically, partition ratios decreased with decreasing temperatures. These results 
indicate a correlation between the CO2 density and the partition ratios. Fig. 3 shows the partition 
ratios as a function of CO2 density. 
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Figure 3. Partition ratios as a function of CO2 density.  
 
As can be seen from Fig. 3 there is a strong relationship between the density of the CO2 and the 
partition ratio. This tendency is not surprising since at the higher densities there are more 
molecules of CO2 available for interaction with the propiconazole which leads to a higher 
solvating capacity which in turn shifts the equilibrium [ ] [ ]
2Wood CO
Biocide Biocide⇔ to the right. 
However, the magnitude of propiconazole interactions with wood surprising was unexpected. All 
partition ratios were above 1.0 signifying that the affinity of propiconazole for wood was 
significantly higher than for CO2 at all conditions. Even at CO2 densities approaching 0.8 g/ml, 
propiconazole still has a higher affinity for wood than for CO2. At lower densities the affinity for 
wood is such that the equilibrium is shifted almost completely to the side of the wood. 
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The deposition of biocides in supercritical wood impregnation is often described to be caused by 
precipitation of the biocide as the fluid undergoes the super- to sub-critical phase transition 
during depressurization. However, based on studies involving impregnation of radiata pine 
(Pinus radiata) with decanal, Lucas et al. 2007) concluded that the controlling mechanism of 
biocide deposition is not precipitation but rather a favorable partition ratio of the biocide for the 
wood compared to the CO2. Our results support the findings by Lucas et al. (2007). The 
deposition of biocides is likely the result of adsorption/desorption behavior rather than a 
precipitation process. 
 
The results presented here could help explain the concentration gradients often reported by 
supercritical wood impregnation researchers. As the wood fills up with the wood/biocide mixture 
during pressurization it separates chromatographically the biocide from the CO2. The 
concentration of biocide in the treatment solution will thus decrease from the surface of the wood 
towards the center. When the impregnation pressure has been reached and there is no longer a 
net flux of CO2 into the wood, the biocide is left to move by diffusion towards the center of the 
wood. The velocity by which the biocides move by diffusion will be dependant on the KD-value. 
During depressurization there is, of course, a net flux of CO2 out of the wood but now the high 
wood affinity of the fungicides become beneficial to the wood preserver as the biocides are held 
back in the wood as the CO2 exits. 
 
Minimizing treatment times is important for the economic viability of the supercritical treatment 
process. Therefore, a lot of research has focused on examining the effects of different 
pressurization and depressurization rates on the mechanical properties of impregnated wood in 
order to try to establish just how fast wood can be pressurized and depressurized without being 
damaged. However, the results presented here indicate that the rate limiting factor in 
supercritical wood impregnation might not be how fast wood can be pressurized without causing 
failures but rather how fast biocides can be delivered to the center of impregnated samples. To 
ensure a rapid movement of biocides through the wood structure, the equilibrium 
[ ] [ ]
2Wood CO
Biocide Biocide⇔ should be moved as far as possible towards CO2 during the 
pressurization and impregnation part of the treatment cycle. Ways of doing this include 1) 
increasing the gas phase concentration of biocides by adding more biocides to the system, 2) 
controlling process parameters, 3) adding co-solvents to the CO2. 
 
In addition, it could be that the choice of biocide could have an impact on the KD-value. This 
experiment only included propiconazole, but other biocides would likely have KD-values 
different from those of propiconazole. We intend to establish the KD-values of other biocides in 
forthcoming research. 
 
4. CONCLUSION 
Retention times of propiconazole in the sawdust column were found to be highly dependant on 
the physical conditions. Wood/propiconazole interactions were found to be substantial at all 
examined conditions and propiconazole affinity for wood was higher than for CO2 even at CO2 
densities approaching 0.8 g/ml. The results show that deposition of biocides in the supercritical 
wood impregnation process is controlled by adsorption/desorption behavior rather than being a 
precipitation process. The results could explain the biocide concentration gradients often 
reported to exist in supercritical impregnated samples. The concentration gradient likely 
develops because the wood has a chromatographic effect on the biocides as they are moved 
through the wood structure by the CO2. 
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